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Chapter 1 11 
1 General introduction 
History 
Fetal development and survival are dependent on a sufficient supply of oxygen. The 
importance of oxygen for the fetus and for life in general has been known for only 
two centuries. In 1771, Joseph Priestly and Carl Wilhelm Scheie discovered that 
oxygen was an essential element for life.1,2 Although the adult and fetal blood 
circulation has been described by Harvey in 1628,1 the manner by which the fetus 
survived in utero without breathing was not completely known until 1876 when this 
mystery was solved. In that same year Paul Zweifel reported that the placenta was the 
"lung" for the fetus, when he found oxyhemoglobin in the blood of the umbilical cord3 
and he concluded that oxygen was transferred from the mother to the fetus through the 
placenta. Zuntz confirmed these observations one year later.4 Finally, in 1884 
Cohnstein and Zuntz concluded from their experiments that the fetus consumes 
oxygen.5 
During the twentieth century, research has focused on the understanding of the 
mechanism of the oxygen supply to the fetus, and the maternal, placental and fetal 
circulation. Circa 1930 it was discovered that fetal blood has a relatively low oxygen 
concentration,6,7 which led to the phrase "Mount Everest in utero".8 This phrase is not 
entirely correct because, although the oxygen pressure is low in both situations, the 
carbon dioxide pressure is low at high altitudes but not in the fetus. Furthermore, a 
low oxygen tension in the fetal blood does not necessarily indicate hypoxia. 
Many studies have been performed with fetal lambs by Barcroft and Barron, 
and Dawes during 1930-1960.1·2,9 Barcroft and Barron discovered, for instance, that 
the fetal oxygen dissociation curve was shifted to the left compared to that of maternal 
blood,1 which means that fetal hemoglobin can bind more oxygen at the same partial 
oxygen pressure than adult hemoglobin. Moreover, studies of placental oxygen 
exchange were performed10 and progress was made in blood gas analysis by Barcroft.2 
Until about I960, experiments were generally performed on anesthetized and 
exteriorized fetal animals. Barron and Meschia developed the technique for chronic 
catheterization of fetal blood vessels, which permitted them to study fetal lambs under 
more physiological conditions, i.e. without the influence of anesthesia.11 It was 
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subsequently reported that blood circulation and other physiological systems change 
dramatically in anesthetized and exteriorized fetal lambs.12 This has led to a worldwide 
use of chronically instrumented fetal animals. 
Fetal monitoring 
Changes in the oxygen supply to the fetus affect the fetal heart rate (FHR). 
Continuous monitoring of the FHR in combination with the uterine activity was 
introduced by Hon, Hammacher, and Caldeyro-Barcia,1315 and is nowadays widely 
used for fetal surveillance in an attempt to prevent or reduce perinatal mortality and 
morbidity. The monitoring technique, cardiotocography (CTG), is based on the 
evaluation of several variables, which include the basal FHR, the absence or presence 
of FHR accelerations and decelerations, and variability in FHR. FHR decelerations 
are further classified as early, variable and late. Specific abnormal patterns can be 
recognized as a consequence of asphyxia (or hypoxia) in the human fetus.16·17 In 
clinical practice during labor, FHR is usually continuously obtained by electronic 
means. In a group of uncomplicated deliveries, electronic fetal monitoring has not 
been shown to be superior compared to repeated auscultation,1819·20 although it is more 
convenient for the doctor and has a greater accuracy. In complicated deliveries 
electronic fetal monitoring may have benefits."·20 Undeniably, FHR monitoring, 
together with improved obstetrical care, has led to a decrease in perinatal mortality in 
western countries since 1940.21 The expected decreases in perinatal morbidity and 
neurological morbidity later in infancy did not occur.2224 As a side effect, however, 
operative interventions antepartum and during labor have increased dramatically in 
most western countries. 
If the fetal oxygen supply is inadequate (hypoxia), aerobic metabolism cannot 
be maintained and metabolic acidosis develops. Perinatal hypoxia in combination with 
metabolic acidosis is expected to be a minor, not the main, cause of neurological 
disability.23·23,26 It has not yet been resolved as to how hypoxia and metabolic acidosis 
lead to neurological cell damage.27 Unfortunately, FHR monitoring is not an effective 
predictor of perinatal hypoxia or metabolic acidosis.1' The sensitivity and specificity 
are low with respect to prediction of the neonatal condition (low Apgar score) or 
severe metabolic acidosis.28"31 Furthermore, the CTG has a disappointing intra- and 
interobserver reproducibility.32 An additional problem in the prevention of neurological 
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morbidity is that neither the neonatal condition (Apgar score) or metabolic acidosis in 
umbilical cord blood at birth is a good predictor of later neurological disability.33·34 
The combination of FHR monitoring with fetal scalp blood analysis during 
labor, as introduced by Saling,35 leads to a higher sensitivity of FHR monitoring.28·36 
Although this technique is widely accepted, fetal scalp blood sampling is used only in 
a minority of deliveries, because it is laborious, invasive and not always easy to 
perform. Antepartum, cordocentesis for blood analysis can be performed to obtain an 
insight into the fetal oxygenation, but this is not without risk. Because FHR 
monitoring did not fulfill all expectations, the search for other physiological variables 
or techniques has continued. One method was based on the findings of Dawes and 
Body37,38 that fetal breathing movements were apparent in the fetal lamb in utero, but 
were arrested during hypoxia. After developments in ultrasound techniques, these 
breathing movements as well as fetal eye movements were recognized in the human 
fetus.39 Fetal breathing movements together with fetal movements, fetal tone, FHR and 
the amount of amniotic fluid were combined into a biophysical profile score by 
Manning et al;40 fetal eye movements, fetal body movements and FHR were used to 
depict fetal behavioral states by Nijhuis et al.41 Both the biophysical profile score and 
fetal behavioral states are often used to obtain insight into the fetal condition 
antepartum, but are of less value during labor as breathing movements diminish.42 The 
ultrasound (Doppler) technique is also used to obtain blood velocity parameters in 
major maternal and fetal vessels.43.This method has not been proved to give a reliable 
prediction of the neonatal condition after birth and requires further research.43 
Another method is based on the observation that during hypoxia in fetal lamb 
studies the ST segment and Τ wave of the fetal ECG change. The T/QRS ratio of the 
fetal ECG increases in response to hypoxia.44 A randomized trial showed a decrease in 
operative deliveries by combining CTG with the ECG waveform analysis, compared 
with using CTG alone, with no difference in neonatal condition at birth between the 
groups.43 However, de Haan et al46 have recently questioned this T/QRS ratio as a 
predictor of hypoxia and metabolic acidosis, as the sensitivity and specificity were low 
in a study using 47 fetal Iambs.46 The ECG waveform analysis is still under research 
as a possible method for early detection of asphyxia during labor. 
For continuous measurement during labor other techniques have also been used, 
for instance: the trans- or subcutaneous partial oxygen pressure,47·48 the transcutaneous 
pressure of carbon dioxide,49 the tissue pH,50 and laser Doppler flowmetry.31 None of 
these techniques has led to worldwide use during labor. A disadvantage of all these 
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techniques is their dependency on a sufficiently high blood flow rate in the skin. 
Reduction in blood flow to the fetal scalp does not necessarily mean that the fetal 
condition is deteriorating, because vital organs are protected by a redistribution of 
blood flow so the skin blood flow may be reduced.52 Besides this disadvantage of 
dependency on blood flow, each of these techniques has its own difficulties. 
Firstly, both the transcutaneous Po2 sensor47 and the subcutaneous needle 
electrode*8 have a slow response time and need calibration, and the transcutaneous 
sensor needs heating. Moreover, both techniques are laborious. Although the 
subcutaneous Po2 needle electrode correlated well with the partial pressure in the 
carotid artery in fetal lambs,33 a combined sensor of laser Doppler flow and 
transcutaneous Po2 showed that transcutaneous Po2 was a questionable parameter 
during hypoxemia in human labor.54 Furthermore, Po2 in itself is a less attractive 
parameter, as the oxygen dissociation curve may shift to the right as a consequence of 
a decreasing pH. This results in an increase in Po2 suggesting better oxygenation, 
although the blood oxygen concentration may actually be decreased. 
Secondly, the use of the transcutaneous Pco2 sensor is also a laborious 
technique which needs calibration.49 Transcutaneous Pco2 values correlated poorly 
with fetal scalp blood samples.49 Moreover, an increase in fetal Pco2 may indicate a 
decreased placental transport of C02, but an increase in C02 does not necessarily 
indicate metabolic acidosis. Respiratory acidosis (an increased C02) is less important 
than metabolic acidosis, as the neonate rapidly expires the excessive C02 as it starts to 
breathe and consequently the pH will normalize rapidly. 
Finally, laser Doppler flowmetry cannot distinguish a local reduction of fetal 
scalp blood flow from a reduction in fetal scalp blood flow caused by a systemic 
mechanism. A local reduction of fetal scalp blood flow will inevitably occur when 
labor progresses51 and does not indicate fetal compromise. Continuous pH measure-
ment may be the solution,50 but the technical difficulties have not yet been solved. 
Recently, two new techniques have been used during labor: near infrared 
spectroscopy55 and pulse oximetry.56"58 Both techniques use two or more wavelengths 
for a spectrophotometric estimation of the oxyhemoglobin concentration or the oxygen 
saturation, respectively. Near infrared spectroscopy can continuously estimate changes 
in the tissue oxyhemoglobin concentration of the fetal brain but, until further 
development has taken place, cannot estimate an absolute value. Pulse oximetry 
continuously estimates the arterial hemoglobin oxygen saturation (5ao2). 
Pulse oximetry has revolutionized monitoring in anesthesia, intensive care, and 
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neonatal care and may become equally helpful for the obstetrician in monitoring the 
fetus during labor. Pulse oximetry is a noninvasive technique and easy to use, and a 
pulse oximeter is a precalibrated instrument. Moreover, it has a quick response time. 
The 5ao2 is an adequate parameter for the oxygen supply. The shape of the 
oxyhemoglobin dissociation curve and the relatively low Po2 will cause a detectable 
fall in iSao2 when the oxygen supply is reduced. Furthermore, oxygen saturation will 
not change appreciably as the oxyhemoglobin dissociation curve shifts to the right as a 
consequence of a decrease in pH (Bohr effect), assuming constant placental oxygen 
transport. 
Before pulse oximetry can be relied upon during labor, some basic questions 
should be answered. How should hemoglobin oxygen saturation be defined and what 
standard should be used for calibration? How accurate is pulse oximetry in fetal 
application and does a pre-calibrated oximeter always provide a reliable estimation of 
the Sao2? If Sao2 is used as a monitoring parameter, it should also be known how 5ao2 
reflects fetal well-being. This study sets out to answer these questions. Most of the 
questions cannot be answered by studying pulse oximetry in the human fetus; therefore 
animal studies have been performed. 
Contents of the thesis 
In chapter 2 the technique of pulse oximetry is described and reviewed with respect to 
the fetal application. 
In chapter 3.1, definitions are given of the hemoglobin oxygen saturation and 
the effects of dyshemoglobins (such as carboxyhemoglobin and methemoglobin) and 
fetal hemoglobin are described. Correction coefficients for the oxygen saturation 
measurement in blood samples for other species than the human are proposed, if the 
standard human adjustment of the multi-wavelength photometer is used (chapter 3.2). 
In chapter 3.3, the accuracy of a continuous intravascular fiberoptic oximeter in 
piglets is described, with the aim to use the fiberoptic Sao2 values for validation of 
pulse oximetry. 
In chapter 4 the accuracy and reliability of pulse oximetry are described. Two 
animal models are used, the fetal lamb (4.1, 4.2 and 4.4) and the piglet (4.5 and 4.6). 
In chapter 4.3 some experiments are reported in neonates and adults. Transmission 
pulse oximetry, the method used in anesthesia and intensive care for measurements 
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through tissue (e.g. finger, toe or earlobe), is used in chapter 4.4 and the accuracy in 
the low fetal Sao2 range is investigated. As the fetus presents its head or breech, 
transmission pulse oximetry as used in anesthesia and intensive care is hardly possible 
during labor. That being the case, reflectance pulse oximetry is an alternative which 
can be used during labor. The accuracy and reliability of reflectance pulse oximetry 
using the same combination of wavelengths as transmission pulse oximetry are 
described in chapter 4.1 to 4.3. The effect of changing the combination of 
wavelengths is reported in chapter 4.5 and 4.6. 
In chapter 5, physiological studies are described in the chronically instrumented 
fetal lamb. The difference in Sao2 over the ductus arteriosus at various levels of 
oxygen supply is the study topic in chapter 5.1. In chapter 5.2 the £ao2 is described as 
a parameter for fetal well-being, and Sa02 is investigated with relation to parameters 
for metabolic acidosis and other physiological parameters. Finally, an epilogue and 
summary are given. 
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2 Pulse oximetry 
Introduction 
Pulse oximetry has emerged as a continuous and noninvasive monitoring technique to 
estimate arterial oxygen saturation (5ao2).1'3 Although hardly known before 1980, it is 
now routinely used in anesthesia and intensive care units in most Western countries. 
As with all medical technology, standard use of pulse oximetry does not mean that the 
basic knowledge of pulse oximetry is always adequate.4 
The history of oximetry goes back to the 1930s and 1940s. In 1932 Nicolai 
introduced the spectrophotometric analysis of oxygen saturation in vivo.5 The first 
oximeters which transmitted light through tissue were made by Kramer6 and Matthes7 
in 1935 and some years later by Millikan.8 Tissue oxygen saturation measured by 
reflectance of light was described in 1950 by Brinkman and Zijlstra.' However, these 
oximeters were bulky devices, needing calibration for each patient and were not 
convenient. For these reasons these oximeters did not come into widespread clinical 
use. In 1973 Aoyagi invented the pulse oximeter concept by accident. He was working 
with a red and infrared ear densitometer and tried to estimate the cardiac output by an 
indicator dilution method. A dye was injected into a peripheral vein and as it perfused 
the ear an indicator dilution curve was estimated. Aoyagi noticed that his recording 
contained a pulsatile component due to the arterial pulsation in the ear. As he 
subtracted the pulsations from his curve, he recognized that the absorbance ratio of the 
red and infrared pulses changed with the Sa02.
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Basic concept of oximetry 
The oxygen saturation (5Ό2) is defined as follows: 
So2 = c02Hb / (c02Hb + cHHb) (Eq. 2.1) 
in which c02Hb is the concentration of oxyhemoglobin and cHHb is the concentration 
of deoxyhemoglobin. The photometric principle of measuring So2 is based upon the 
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differences between the absorption spectra of 02Hb and HHb. The absorption spectra 
of hemoglobin derivatives have recently been measured anew by Zijlstra et al11 and are 
shown for 02Hb and HHb in Fig. 2.1. In the red region of the spectrum (circa 660 
nm), HHb absorbs more light than 02Hb, and vice versa in the infrared region (850-
1000 nm). The color of arterial blood is therefore a more bright red than venous 
blood, in neonates and adults. 
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Figure 2.1. Absorban« spectra of 02Hb and HHb, data according to Zijlstra et al." 
When light at a specific wavelength is transmitted through a homogeneous solution 
containing a material that absorbs this light, Lambert-Beer law states that: 
I, = I„ · 10 ' (Eq. 2.2) 
in which I0 is the intensity of incident light, A the absorbance, and I, the intensity of 
transmitted light. The absorbance, A, can be written as: 
A = e
x
 · с • d (Eq. 2.3) 
in which e
x
 is the absorptivity (extinction coefficient) at a specific wavelength λ, с the 
concentration of the absorber, and d the optical pathlength through the solution. 
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Lambert-Beer law can be applied to hemolyzed blood containing 02Hb and HHb. If 
the measurement is carried out in a structure with fixed geometry e.g. a cuvette, the 
optical path length is constant and the So2 can be calculated using two wavelengths. 
Combining Eq. 2.1 with 2.2 and 2.3, and incorporating extinction coefficients for red 
(660 nm) and infrared (940 nm) light gives Eq. 2.4. 
logt/,//,)660 _A^ _ S < V C 2 + (I-M?») · 4? 
940 л 940 „
л
 940 ,, „„ , 940 ( Ь Ч · 2 ' 4 ) 
ІовСГДГ A™ S02 · e™+ (l-502) · e; 
нь 
When the measurement is made in whole blood, scattering of light occurs at the cross-
sections of liquid phase and blood cells. If scattering of photons occurs, photon 
pathlengths for the two wavelengths will no longer be the same, and the So2 
calculation becomes inaccurate. 
Basic concept of pulse oximetry 
In literature, Lambert-Beer law is often used to explain the theory of pulse 
oximetry.1·212 The commonly used pulse oximetry sensor contains two light emitting 
diodes (LEDs) and one photodetector. The LEDs transmit red and infrared light 
through tissue containing an arterial bed. The attenuated light is received by the 
photodetector and is converted to an electrical Plethysmographie signal. The 
Plethysmographie signal consists of a pulsatile (ac) component and a non-pulsatile (dc) 
component (Fig. 2.2). 
The pulsatile component of the signal is caused by blood volume changes 
during the cardiac cycle. During systole, blood volume increases in the tissue, which 
causes an increase in absorption of both red and infrared light. During diastole, blood 
volume in the tissue decreases. The non-pulsatile component is caused by absorption 
of skin, subcutaneous tissue, venous blood, non-pulsatile arterial blood, and other 
absorbers in the light paths. The ac and dc component of both red and infrared (IR) 
are used to calculate a red to infrared ratio [=(ac
red/dcred)/(acm/dcm)], which is 
assumed to be dependent only on changes in absorption in the arterial vascular tissue. 
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Figure 2.2. Attenuation of light in tissue, illustrating the non-pulsatile absorption and pulsatile 
(arterial) absorption. 
The photodetector cannot distinguish between red and infrared light, therefore only 
one LED is "on" at a time. The red and infrared LEDs are switched on and off 
frequently (480 times per second for some pulse oximeters12), which enables the 
oximeter to obtain a proper plethysmogram from both signals. When both LEDs are 
switched off, the background light is measured, which is subtracted from both red and 
infrared signals. To obtain a signal of sufficient amplitude, the pulse oximeter 
automatically increases the light intensity of the LEDs and amplifies the output of the 
photodetector. 
In pulse oximetry, changes in the absorbance (or measured intensities) at 660 
run and 940 nm are caused by the pulsating changes. For small changes in the 
intensities the logarithmic conversion can be omitted and the pulsating changes can 
also be expressed as the red to infrared ratio. Using the red to infrared ratio for 
A660/A940, a theoretical calibration curve of red to infrared ratio versus Sa02 can be 
obtained using equation 2.4 and the experimental extinction coefficients11 (Fig. 2.3). In 
this Lambert-Beer approach, the calibration is dependent only on the absorption 
changes in the pulsating arterial blood. However, experimental in vivo calibration 
curves for transmission pulse oximetry (TPOX) differed substantially (Fig. 2.3).12 The 
Lambert-Beer model is therefore insufficient to describe pulse oximetry. The estimated 
arterial hemoglobin oxygen saturation by pulse oximetry is often denoted by the term 
Spo2, to distinguish it from the oxygen saturation measured in an arterial blood 
sample, Sao2. 
dc/ 
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Figure 2.3. Theoretical relationship, according to Lambert-Beer approach and empirical 
relationship using transmission pulse oximetry,12 between the arterial oxygen 
saturation and the red to infrared ratio. 
Transmission and reflectance pulse oximetry 
Transmission pulse oximetry sensors are generally used in anesthesia and intensive 
care units. With TPOX, the LEDs are placed at one side of the tissue and the 
photodetector is placed on the opposite side (Fig. 2.4). Therefore, sensor application 
is only possible in limited areas of the body, such as the finger tip, earlobe, nose or 
toe, and on the foot or palm in neonates. The experimental calibrations for TPOX 
have proved to be accurate (± 3% Sao2) in the Sao2 range of 70% to 100%, for 
various devices.1,3 
Because the presenting part is the fetal head or breech, TPOX is hardly 
possible during labor. In reflectance pulse oximetry (RPOX), LEDs and photodetector 
are positioned on the same side of the tissue (Fig. 2.4 and 2.5) and the 5ao2 can be 
estimated from the backscattered light intensities. 
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Transmission pulse oximetry Reflectance pulse oximetry 
Figure 2.4. Transmission and reflectance pulse oximetry. 
~~f | a ] 
Photodetector LEDs 
Figure 2.5. Schematic drawing of reflectance sensor. The LEDs and photodetector are indicated. 
Reflectance sensors built from the components of commercial transmission sensors 
showed that signals could be obtained from the fetal scalp, and fetal arterial So2 values 
estimated by pulse oximetry were reported.1315 The second step was to develop 
reflectance sensors which not only obtained a signal but also stayed in place during 
labor. Several attempts have been made by Johnson and co-workers.16 Gluing the 
sensor to the fetal skin or using a suction cap did not provide a satisfactory fixation. 
Early attempts to use one spiral electrode were also unsuccessful.16 Gardosi et al used 
a double clip system and reported satisfactory results.17 In an attempt to obtain 
adequate signals, Johnson et al covered the sensor with an irregular surface.18 
However, two of the 17 fetuses monitored in this way were bora with a scalp ulcus.18 
Sensors with an irregular surface should therefore not be used. Gardosi et al 
introduced a sensor with a balloon probe which seems to provide a better contact,19 
but this device has not yet been thoroughly investigated. Recently, two sensor designs 
have been used during labor. First, Nellcor Inc. developed a reflectance sensor 
especially for fetal use, with a surface tip and contact points. The pressure of the 
uterine wall on the sensor tip pushes the sensor towards the fetal skin surface. The 
contact points are used to measure the electrical impedance across the surface of the 
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sensor to confirm application to the fetal skin. Fetal skin, liquor and air give 
significantly different impedances.20 If the measured impedance does not match with 
the expected impedance for the fetal skin, oxygen saturation values are not calculated 
by the pulse oximeter. Second, Knitza et al developed a reflectance sensor which uses 
a spiral electrode to keep the sensor in place,21 in a similar way to the spiral scalp 
electrode used in cardiotocography. 
A different way of obtaining a Plethysmographie signal has been developed by 
Buschman et al.22 They used an optical fiber passed into the skin of the fetal scalp to 
convey the light to the photodetector. The LEDs placed on the surface of the skin 
shine the light into the tissue and the attenuated light is collected subdermally with the 
fiber. Until now, this sensor has not been calibrated or used extensively during labor. 
Scattering of light 
The attenuation of the light received at the photodetector is not only caused by 
absorption, but also by scattering of light within the tissue. This scattering of light 
occurs wherever there are variations of the refractive index i.e. at cross-sections of 
different tissue layers, at the boundaries of blood vessels and (blood) cells, and even 
within the cells themselves (e.g., by the mitochondria). The scattering of light caused 
by erythrocytes is of special importance, because this is largely determined by blood 
volume changes during the cardiac cycle, the hematocrit and red cell aggregation.23 
Light scattering is dependent on the wavelength and will result in differences in 
photon paths between the red and infrared light. Complex theoretical models which 
incorporate absorption and scattering coefficients have shown that the red to infrared 
ratio is influenced by optical characteristics of the sensor (e.g. LED wavelength and 
LED-photodetector distance), as well as tissue characteristics (e.g. blood volume, 
hematocrit), especially at low 5ao2 values.23·24 These models provide a quantitative 
support for the estimation of 5a02 in various circumstances. However, the models use 
a homogeneous distribution of scatterers and absorbers which is a simplification for 
the in vivo situation where different layers of tissue result in a heterogeneous 
distribution of scatters and absorbers. These models therefore cannot yet replace an 
experimental calibration. 
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Calibration and evaluation of reflectance pulse oximetry 
The calibration of RPOX for fetal use is more complicated than the calibration of 
TPOX for adult or neonatal use. TPOX is generally calibrated in hypoxemia studies 
with healthy adult volunteers comparing pulse oximetry data with sample Sao2 values, 
over an 5ao2 range of 70% to 100%.u In the human fetus, double sensor studies can 
be performed in which two Spo2 recordings can be compared. However, the Spo2 
values cannot be compared with a reliable standard because arterial blood samples 
cannot be obtained. The human adult is also not a suitable subject, since fetal values 
are expected to range from 10% to 80% and it is unethical to subject adults to such 
low 5a02 levels. In critically ill neonates, Sa02 values may become as low as 60%,25 
an 5ao2 value still not low enough for a fetal RPOX calibration. Several groups have 
been working on in vitro calibration systems26"30 in which blood equilibrated with 
appropriate gas mixtures can be desaturated over the total 5o2 range of 0% to 100%. 
These models use a roller pump and chamber system with fixed chamber dimensions 
and can be used to study the effect of factors such as: changes in hematocrit of blood 
in the system, different combinations of LED wavelengths, and dyshemoglobins.26"30 
However, these in vitro models use a homogeneous medium which is a simplification 
of the heterogeneous medium of in vivo models. Therefore, animal models are needed 
to calibrate and evaluate fetal RPOX systems. 
For a proper evaluation of the accuracy of reflectance pulse oximetry, several 
issues should be considered. Spo2 values should be compared to a reliable standard 
which measures the intra-arterial 5o2. In general, arterial blood sample 5o2 values 
measured by multi-wavelength photometers are used. According to the manuals of 
these devices, the accuracy of various multi-wavelength photometers is + 1 % absolute 
over the total So2 range of 0% to 100%. Sufficient subjects should be used and 
exclusion criteria for data should be specified beforehand. 5po2 values should be 
obtained over the total fetal Sao2 range, preferably for all subjects. 
For the comparison of two methods measuring the same quantity, it is 
recommended to calculate the mean difference and standard deviation of differences.31 
The mean difference is called the bias which may show a systematic over- or 
underestimation of a method relative to the standard method. The standard deviation of 
differences is called the precision which represents the random "variability" of the 
system. Another measure for the random "variability" of the system can be obtained 
by calculating the standard deviation of residuals with linear regression analysis. The 
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standard deviation of residuals and the precision will be equal if the bias is zero. The 
correlation coefficient is not a sufficient measure of accuracy. If the accuracy of an 
RPOX system is evaluated in the same study in which the RPOX system is calibrated, 
the bias will be zero and will give no additional information. 
The accuracy of various reflectance pulse oximetry systems has been reported 
in animal models. In two studies, a prototype sensor supplied by Nellcor was 
calibrated with either 660 and 925 nm LEDs,32 or 660 and 890 nm LEDs,33 and a 
single photodetector placed 10 mm from both LEDs. The sensor was placed on the 
scalp of three,32 and two fetal lambs, respectively.33 Harris et al found a precision of 
5.5% over an oxyhemoglobin range of 6% to 81 %32 and Jongsma et al found a 
precision of 3.5% above 30% Sao2 and 6.6% below 30% Sao2.33 Mendelson et al34 
used a sensor of their own design with 2 pairs of 660/930 nm LEDs and a concentric 
row of 6 photodetectors and found a precision of 3.5%, 4.1% and 4.8% for fetal 
scalp, neck and thigh measurements, respectively. The 5ao2 range was 30% to 100%. 
Unfortunately, the number of animals is not stated.34 Dassel et al33 also used a sensor 
of their own design with two LEDs for 660 and 940 nm and one photodetector at a 
distance of 7.5 mm from both LEDs on the fetal lamb scalp. They found a precision 
of 4.7% over an Sac^ range of 17% to 82% in four fetal lambs.35 Until recently, 
intrapartum use has only been reported with a later prototype Nellcor RPOX sensor.38" 
«,45-18,52-55
 0 t h e r RpQX sensors have been used during labor,17'21·36·37·49"51 but, they were 
not properly calibrated. 
Clinical use of reflectance pulse oximetry 
Several groups have used RPOX systems during labor and have reported their fetal 
Sp02 values with respect to various circumstances. Johnson et al reported a mean Spo2 
value of 68% (range 11%-81%) for early labor in stage I (dilation phase of the cervix 
of the uterus), which decreased to 58% (range 29-81%) for late labor in stage I in 86 
uncomplicated deliveries.36 Gardosi et al also monitored 53 uncomplicated deliveries 
and reported a mean 5po2 value of 82% (range 50-95%).17 However, these Spo2 
values may be questioned, as the majority of the reported values fall outside the 
expected fetal range of 10% to 80%. Knitza reported a frequency distribution of 222 
unselected deliveries with a median 5po2 value of 60% and a range of 10-95%.37 
Dildy et al described Spo2 values in the first and second stage (pushing phase) of labor 
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in 160 uncomplicated deliveries at three centers. They found a mean value of 59% 
(range 35-79%) for early labor in the first stage which significantly decreased to 53% 
(range 18-78%) in the second stage of labor.38 Langer et al reported a mean value of 
53% in stage I early labor which did not decrease significantly during stage Π, in 
deliveries with normal neonatal outcome.39 
Johnson et al studied the effect of uterine contractions on fetal Spo2 values and 
observed an increase in 5ро2 during contractions but a decrease after the contraction.
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However, there is no physiological explanation for the increase in Spo2 during a 
contraction. This increase in Spo2 is therefore probably an artifact, caused by 
excessive pressure on the sensor. A greater decrease in Spo2 was observed in four 
cases of iatrogenically-induced hyperstimulation of the uterus.41 Spo2 increased when 
the oxytocin was stopped.41 
The effect of maternal oxygen therapy on fetal Sp02 values was studied by 
McNamara et al,42 and Dildy et al.43 Both studies showed an increase in Spo2 of 11% 
and 14%, respectively, after giving the mother 100% oxygen. At 27% oxygen, 
McNamara et al observed a significant increase of 7%,42 but Dildy et al did not 
observe any increase in Spo2, after giving the mother 40% oxygen.
43
 However, using 
the data of Dildy et al, Van den Berg and Jongsma showed that an effect of 40% 
oxygen could be observed if the individual level of 5p02 recorded during air-breathing 
was taken into account.44 
Fetal Spo2 readings on vertex and breech were compared by Gardosi et al
17
 and 
Knitza et al.21 Both groups observed that breech 5po2 values were lower compared 
with their vertex 5p02 values (58% versus 82%17 and 40% versus 60%,21 
respectively). 
Correlations with fetal scalp blood analysis have been made by several 
groups.39,45 A significant correlation coefficient of 0.67 between the median value of 
SpOj readings in a 20-min period and the fetal scalp blood So2 value was observed in 
27 cases with 51 measurements, but no correlation of Sp02 with fetal scalp blood pH 
was observed by Luttkus et al.45 The difference between the 5p02 and fetal scalp blood 
So2 ranged from -40% to +35% with a median value of +6%.
4 5
 The fetal scalp blood 
saturation can never be higher than the Sa02 because scalp blood is a mixture of 
arterial, capillary and venous blood. The negative difference of Sp02 minus scalp 
blood So2 must therefore be caused by incorrect 5po2 values, air in the sample, or 
non-synchronous measurements of the Spo2 and the scalp blood 5o2 values. Langer et 
al correlated the scalp blood sample with the Spo2 values 10 min prior to the sample.
39 
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In 16 cases a significant correlation coefficient of 0.64 was found of 5po2 with the 
calculated So2 value of scalp blood and in 26 cases a significant correlation coefficient 
of 0.47 of Sp02 with the pH value in scalp blood.39 
Correlations of fetal oxygen saturation estimated by pulse oximetry with 
neonatal umbilical venous and arterial cord blood have been made by various 
groups.39,46'50. Johnson et al did not observe a significant correlation with umbilical 
arterial So2, venous 5o2, arterial pH or venous pH.50 Both McNamara et al46 and 
Langer et al39 observed a significant correlation with the umbilical venous SO2, arterial 
pH and venous pH, but not with umbilical arterial So2. Carbonne et al47 only observed 
a significant correlation with the umbilical venous pH. Seelbach et al48 and Schäffer et 
al49 concluded from their studies that lower 5po2 values were related to umbilical 
arterial pH. Correlations have also been calculated with umbilical venous and arterial 
partial pressure of oxygen and partial pressure of carbon dioxide,39,47 but, the value of 
such an exercise is questionable. 
Pulse oximetry recordings were also obtained during "nonreassuring" fetal 
cardiotocograpy recordings.51"53 However, data are too scarce to draw a conclusion 
from these case reports. 
A continuous signal is needed for the evaluation of pulse oximetry during 
labor. However, a continuous recording is often not obtained due to technical 
difficulties. Dildy et al reported that a reliable signal could be obtained for 50% of the 
registration time in 73 cases (range 0% to 91 %).54 Van Oudgaarden and Johnson 
showed that hardly any signal could be obtained placing a sensor onto the membranes 
covering the fetus before labor. The percentage time with a good signal increased 
from early labor in stage I to late labor in stage I and decreased during stage Π.55 In 
general, fetal signals are less obtained during contractions. 
Technical difficulties with pulse oximetry 
Certain technical and clinical situations may still interfere with an accurate and 
reliable estimation of the Sao2. Some problems related to the use of fetal reflectance 
pulse oximetry are discussed in this paragraph: i.e. small pulses and signal analysis, 
the choice of the LEDs, motion artifacts and improper sensor placement, intravascular 
dyes and staining of the skin with pigments. The effect of fetal hemoglobin and 
dyshemoglobins on the accuracy of pulse oximetry is discussed in chapter 3.1. 
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The fetal Plethysmographie signals obtained with RPOX are typically one-tenth 
of the adult TPOX signals. The amplitude of the ac component of the signal is often 
below 0.2% of the total signal, which is at the lower limit of signal acceptance for 
some commercial transmission pulse oximeters.12 These small pulses lead to a lower 
signal to noise ratio and as a consequence a less accurate device. To optimize signal 
quality, fetal Plethysmographie signals should be maximized while the noise is 
minimized. Pulse oximeters use several ways to enhance the signal processing. The 
fetal electrocardiogram is used to cardiosynchronize the red and infrared pulses. A 
high pass filter is used to detect the red and infrared peak and trough and the pulse 
oximeter verifies if the red and infrared peak and trough are in phase which each 
other. A weighted moving average of red to infrared ratio's is calculated over several 
heart beats20 and the average value is converted into an Spo2 value. If the red and 
infrared pulses are not properly synchronized to the fetal electrocardiogram or not in 
phase with each other, inaccurate Sao2 estimations may be the result.36 
The LEDs used in commercial TPOX sensors are not ideal light sources. The 
LEDs emit light in a narrow spectral range. However, the center wavelength of the 
emitted light varies between diodes of the same type of sensor, by up to 15 nm.57 A 
shift in the wavelength results in a different extinction coefficient (Fig. 2.1) and hence 
in an error in the estimated Sao2. The effect of variation in the center wavelength will 
be greater for the red (660 nm) than for the infrared wavelength because its absorption 
spectrum shows a steeper slope. This problem can be solved in two ways. First, LEDs 
with center wavelengths which fall outside a specified range may be rejected. Second, 
the pulse oximeter may be programmed to accept several ranges of LED center 
wavelength for both the red and infrared, and to correct for these different 
wavelengths internally.1 
Another problem related to the 660 nm LED is that a small amount of light 
with a different wavelength is often emitted in addition to the center wavelength.57 
Although this so called "secondary emission" does not influence the accuracy at high 
Sao2 values, it might influence the accuracy at low fetal 5ao2 values. 
Reflectance pulse oximeters detect a pulsatile signal, which is expected to be 
caused exclusively by the backscattered light intensities of the pulsatile (arterial) blood 
volume in the tissue. If Plethysmographie signals have another origin or arterial 
signals have been modulated by the presence of other factors, the pulse oximeter will 
calculate a false red to infrared ratio. Inaccurate estimations of the Sao2 have been 
caused by disturbance factors such as inappropriate sensor contact,58 caput 
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succedaneum56·59 and venous pulsations60. Fetal and maternal movements, fetal hair, as 
well as excessive pressure on the sensor may also result in a similar inaccuracy, but 
these effects usually cause a loss of signal. 
All intravascular dyes or pigments on the skin which cause an unequal 
absorption of red and infrared wavelength may cause an inaccurate reading. 
Meconium stained skin caused an inaccurate oxygen saturation reading in a neonate 
because red light is more readily absorbed by meconium than infrared light.61 
Methylene blue administration after birth, the treatment for methemoglobinemia, also 
affects pulse oximetry readings.62 
In summary 
Pulse oximetry for continuous patient monitoring has evolved into a technology that is 
clinically useful in anesthesia and intensive care. This technique may become equally 
valuable for obstetricians to monitor the fetus during labor. However, before 
obstetricians can rely on pulse oximetry, many technical difficulties have to be 
resolved. Pulse oximetry systems should be properly calibrated and evaluated in the 
fetal 5ao2 range and disturbance factors, which make pulse oximetry unreliable, should 
be overcome. Finally, knowledge of pulse oximetry, competence in interpretation and 
application of clinical data are necessary to make pulse oximetry a successful 
monitoring technique. Extraordinary pulse oximetry data and peculiar correlations with 
other physiological values in various clinical reports, demonstrate that dissemination of 
knowledge concerning fetal pulse oximetry has to be improved. 
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3.1 Notes on the apparent discordance of pulse oximetry 
and multiwavelength hemoglobin photometry 
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Abstract 
Multiwavelength photometers, blood gas analyzers and pulse oximeters are widely 
used to measure various oxygen-related quantities. The definitions of these quantities 
are not always correct. This paper gives insight in the various definitions for oxygen 
quantities. Furthermore, the possible influences of dyshemoglobins and fetal 
hemoglobin on the accuracy of pulse oximetry are discussed. 
As pulse oximeters are constructed for the determination of arterial oxygen saturation, 
they should be validated with sample oxygen saturation values and not with the 
oxyhemoglobin fraction. The influence of carboxyhemoglobin is insubstantial over an 
oxygen saturation range of 0% to 100%. Through the presence of methemoglobin, 
pulse oximetry will give an underestimation above 70% and an overestimation under 
70% oxygen saturation. The influence of fetal hemoglobin is insignificant in the 
neonatal use of pulse oximetry, in the range of 75% to 100% arterial oxygen 
saturation. However, a pulse oximeter underestimates the arterial oxygen saturation at 
the 25% level with 5%, if the pulse oximeter has been calibrated in human adults. 
Such a low level of arterial oxygen saturation can be present in the fetus during labor. 
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Introduction 
Pulse oximetry is different from conventional two-wavelength in vitro oximetry in the 
way in which the photometric signals are produced. However, the relationship 
between these signals and the quantity to be measured is essentially the same as has 
been used from the very beginning of photometric oxygen saturation (5o2) 
measurement. Therefore, it was quite unexpected that the general use of this type of 
oximeter gave rise to widespread uncertainty concerning what pulse oximetry actually 
measured.M This uncertainty did not arise from pulse oximetry per se, but resulted 
from experiments in which pulse oximetry data were compared with simultaneously 
obtained results of multiwavelength photometers (CO-Oximeters).5"8 
In this article we reflect on various definitions used for oxygen-related 
quantities in which this uncertainty has its roots. A related problem is whether 
dyshemoglobins and human fetal hemoglobin affect the accuracy of pulse oximetry.9·10 
We therefore discuss the effect of dyshemoglobins and fetal hemoglobin on blood 
sample analysis by CO-Oximeters, as well as on pulse oximetry. 
Oxygen saturation estimated by multi-wavelength photometers 
The first oximeters for use in vitro were two-wavelength photometers which measured 
the ratio of the concentrations of oxyhemoglobin (c02Hb) and deoxyhemoglobin 
(cHHb) in hemolyzed whole blood. For such a two-wavelength system So2 is written 
as follows: 
5o2 = c02Hb / (c02Hb + cHHb) (Eq. 3.1.1) 
More recent types of multiwavelength analyzers use more wavelengths (four to six) 
which make it possible to measure, besides concentrations of oxyhemoglobin and 
deoxyhemoglobin, also concentrations of dyshemoglobins. Dyshemoglobins are 
hemoglobin derivatives that are permanently or temporarily unable to bind oxygen in 
the physiological oxygen range. The common dyshemoglobins are carboxyhemoglobin 
(COHb), methemoglobin (MetHb) and sulfhemoglobin (SHb). Generally, SHb is 
negligible in human blood.11 From the concentration of the measured quantities, 
fractions of the different hemoglobin derivatives are calculated. The fraction of 
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oxyhemoglobin (Fo2Hb) and the total hemoglobin concentration (ctHb) are calculated 
as follows (Eq. 3.1.2 and 3.1.3): 
Fo2Hb = c02Hb / ctHb (Eq. 3.1.2) 
ctHb = c02Hb + cHHb + cCOHb + cMetHb (Eq. 3.1.3) 
From equations 3.1.1 and 3.1.3 follows the equation for the So2: 
So2 = c02Hb / (ctHb - cCOHb - cMetHb) (Eq. 3.1.4) 
At this point confusion started. In the absence of dyshemoglobines So2 is equal to 
Fo2Hb. However, often small amounts of dyshemoglobins are present in blood, and in 
that case Fo2Hb (equation 3.1.2) was thought to be a better way of defining the 
oxygen saturation than 5o2 according to equation З.1.4.
5
"
8
 To distinguish these 
quantities, Fo2Hb according to equation 3.1.2 was called "fractional saturation", while 
5o2 according to equation 3.1.4 was called "functional saturation". The term 
"fractional saturation" is misleading while Fo2Hb reflects the ratio of oxyhemoglobin 
to total hemoglobin and not the extent to which the hemoglobin has been saturated 
with oxygen; the term even does not comply with the definition of "saturation". As 
"fractional saturation" is a misnomer, the term "functional" is redundant. 
Confusion increased when pulse oximetry data were compared with Fo2Hb as 
measured by multiwavelength photometers, demonstrating that pulse oximeters were 
insensitive to considerable amounts of dyshemoglobins.5"7 This was interpreted as a 
short-coming of the pulse oximeter, whereas it was a sign of proper wavelength 
selection, making the two-wavelength system specifically sensitive to changes in So2. 
Pulse oximetry data should therefore be compared to So2 measured by the 
multiwavelength photometer using equation 3.1.4. 
Oxygen saturation estimated through the oxygen hemoglobin dissociation curve 
Another way to determine So2 is by the use of pH/blood gas analyzers. These 
analyzers are able to measure the partial pressure of oxygen (Po2), the partial pressure 
of carbon dioxide (Pco2) and the pH, which are used to calculate So2. So2 is related to 
Po2 as visualized by the oxyhemoglobin dissociation curve (ODC).12·13 The position of 
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the ODC is represented by the p50, i.e. the Po2 corresponding to an So2 of 50%. The 
standard ODC yields a p50 of 3.55 kPa (26.6 mmHg) for human adult blood at a 
plasma pH of 7.4, a Pco2 of 5.33 kPa (40 mmHg), and a temperature of 37 °C.1415 
When oxygen affinity decreases, the ODC shifts to the right and the p50 increases. 
Such a shift can be caused by a decrease in pH, an increase of Pco2, a rise in 
temperature and an increase in the 2,3-diphosphoglycerate (2,3-DPG) concentration in 
the erythrocytes. For changes in pH, Pco2 and temperature, pH/blood gas analyzers 
use an algorithm to correct the estimation of So2.12·13·15 For human adult blood with 
normal hemoglobin and normal 2,3-DPG, the estimated 5o2 values are fairly accurate. 
However, the calculated So2 will be inaccurate if the 2,3-DPG concentration is outside 
the normal range, or if hemoglobin of other species, fetal hemoglobin, 
dyshemoglobins or abnormal hemoglobins are present.16 As the pH/blood gas 
analyzers are mostly combined with multiwavelength photometers, the total oxygen 
concentration (ct02) can also be calculated: 
ct02 = (ctHb-cdysHb) · So2 + a02 · Po2 (Eq. 3.1.5) 
cdysHb is the dyshemoglobin concentration, and a02 is the concentrational solubility 
coefficient of oxygen in blood. At 37 °C, o¡02 is 0.01 mmol/L-kPa. 
The effect of fetal hemoglobin and dyshemoglobins on sample 5o2 values and 
pulse oximetry saturation readings 
Recently, pulse oximetry has been used for monitoring the fetus during labor. Human 
fetal hemoglobin (HbF) and human adult hemoglobin (HbA) differ slightly in their 
spectra in the visible range (Table 3.1.1).10 These small differences, however, may 
lead to a slight overestimation in 5o2 of blood samples, if the human adult matrix is 
used in the multiwavelength photometer. For rally saturated neonatal cord blood 
samples with a HbF fraction between 62% and 86%, the OSM3 (Radiometer) 
measured 103.6% to 105.6% So2 using the adult matrix.17 Nowadays, most 
multiwavelength photometers are equipped with a correction algorithm (fetal matrix) to 
obtain the proper 5o2 value of a fetal or neonatal blood sample. 
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Table 3.1.1. Millimolar absorptivities of Hb A and HbF at wavelengths used in pulse oximetry.' 
Derivative t ^ (L · mmol"1 • cm1) e
mA (L · mmol'1 · cm'1) 
λ, 660 nm λ, 940 nm λ, 660 nm λ, 940 nm 
Hb 
Hb02 
COHb 
MetHb 
0.826 
0.074 
0.065 
0.866 
0.167 
0.284 
0.004 
0.751 
0.812 
0.080 
0.061 
0.811 
0.181 
0.294 
0.001 
0.691 
' absorptivities according to Zijlstra et al.10 
The small differences in spectra between HbF and HbA may also affect the accuracy 
of pulse oximetry. Most pulse oximeters are programmed with a calibration curve 
derived from studies in healthy adults. These calibration curves may not be applicable 
to the neonate with high concentrations of HbF. Zijlstra et al,10 using the wavelengths 
commonly encountered in pulse oximetry (660 nm and 940 nm), have shown that these 
small differences in the spectra are of minor importance for the accuracy of neonatal 
pulse oximetry. Since the fetus has much lower arterial So2 values, we recalculated the 
influence of HbF over an extended So2 range, in the same way as described earlier,
10 
using equation 3.1.6. 
6 6 0 _ 9 4 0 . / - , 6 6 0 /
Λ
9 4 0 \ 
SO, = ! * ! * {A /A ] (Eq. 3.1.6) 
in which A660/A940, the ratio of the absorbance at 660 nm and 940 nm is considered to 
correspond with the spectrophotometric ratio measured by the pulse oximeter. As 
shown in Table 3.1.2, the effect of 100% HbF is of minor importance for the 
accuracy of pulse oximetry at 75% to 100% So2, but at 25% So2 an underestimation 
of about 5 % So2 is present. 
Equation 3.1.6, based on Lambert-Beer law, is often used as a simple 
theoretical model for pulse oximetry. This model does not take into account the 
influence of multiple scattering of light. Schmitt18 described a more complex model 
with absorption and scattering coefficients, for transmission as well as reflection pulse 
oximetry. Under the assumption that HbF only changes the absorption coefficients and 
not the scattering coefficients, we found comparable results as described in Table 
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3.1.2 when using the model of Schmitt18 and incorporating the absorption coefficients 
as given in Table 3.1.1 (Fig. 3.1.1). 
The influence of 10% COHb and 10% MetHb are also given in Table 3.1.2. 
The calculations were performed on the basis of the absorptivities for COHb and 
MetHb according to Zijlstra et al.10 The error caused by 10% COHb is insubstantial 
over the whole So2 range, but MetHb gives an underestimation at >70% So2 and an 
overestimation at <70% So2. 
Table 3.1.2. Influence of HbF, COHb, and MetHb on 502 by spectrophotometric method using 660 
am and 940 nm wavelengths. 
Derivative 
100% HbA' 
50% HbF 
100% HbF 
HbA| 10% COHb" 
HbA ¡ 10% MetHb 
50% HbF110% COHb' 
50% HbF110% MetHb 
100% HbF|10% COHb 
100% HbF|10% MetHb 
100.0 
100.2 
100.4 
99.1 
93.0 
99.3 
92.9 
99.5 
92.8 
oxygen 
75.0 
74.4 
73.8 
74.2 
73.7 
73.6 
73.3 
73.0 
72.8 
saturation (%) 
50.0 
48.6 
47.1 
49.3 
54.4 
47.9 
53.6 
46.4 
52.8 
25.0 
22.7 
20.3 
24.4 
35.1 
22.1 
33.9 
19.8 
32.7 
100% HbA, 100% adult hemoglobin used as reference 
HbA| 10% COHb, 100% adult hemoglobin, of which 10% is liganded with CO 
50% HbF | 10% COHb, 50% fetal hemoglobin and 50% adult hemoglobin, of which 10% is 
liganded with CO 
The slight differences between the data in this table and those of Table 4 in reference 10 are 
due to the fact that the present data are calculated on the basis of all measured absorptivities, 
where as in reference 10 only statistically significant differences between the absorptivities of 
HbA and HbF have been taken into account. 
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О 0.5 1 1.5 2 2.5 3 3.5 4 
Ratio 660 шп/940 nm 
Figure 3.1.1. The So¡ against spectrophotometric ratio of the pulse oximeter. The line for adult 
hemoglobin (HbA) and fetal hemoglobin (HbF) are calculated using the model of 
Schmitt (Eq. 24, ref. 19), using the absorption coefficients according to Zijlstra et 
al.10 
Discussion 
The widespread use of multiwavelength photometers, blood gas analyzers and pulse 
oximeters makes it possible to measure various oxygen-related quantities. It depends 
on the clinical problem which oxygen quantity or combination of quantities is most 
suitable. In most cases several quantities are necessary for a proper description of the 
oxygen status of the blood. 
It has been reported that in the presence of high levels of COHb, pulse 
oximetry provides erroneous readings.5,7 However, this is based on a misunderstanding 
of pulse oximetry as described earlier.10 Pulse oximeters are developed to determine 
the arterial oxygen saturation and should therefore be validated with So2 values in 
blood samples determined according to equation 3.1.4 and not by the oxyhemoglobin 
fraction. Validation studies which use the oxyhemoglobin fraction as the standard are 
comparing apples with oranges. 
The common dyshemoglobins are COHb and MetHb. COHb levels are low in 
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healthy non-smoking adults, but may rise to 10% as a consequence of smoking and 
urban pollution." In non-smoking pregnant women and their newborns, COHb 
concentrations are reported to be < 0.5%. COHb concentrations in blood of 
newborns of cigarette smoking mothers were higher (COHb=1.9%, SD=1.2%).19 
However, as shown in Table 3.1.2, the influence on the accuracy of pulse oximetry of 
such COHb levels is insubstantial. In the presence of MetHb, we found that pulse 
oximeters underestimated the So2 at high 5Ό2 levels and overestimate the So2 at low 
So2 levels. This is in agreement with earlier reports.
710 
Fetal hemoglobin may lead to a small overestimation of So2 in blood samples
17 
if the adult matrix is used in the multiwavelength photometer, because the absorption 
spectra of fetal and adult hemoglobin differ slightly.10 To obtain the proper So2 for 
fetal or neonatal blood, most multiwavelength photometers offer correction 
possibilities. The influence of HbF on the accuracy of pulse oximetry will be of minor 
importance in the neonatal arterial 5o2 range. However, for the fetus, which has a 
much lower normal arterial So2 range, the underestimation may be as large as 5% So2 
at the level of 25% arterial So2, if oximeters are used with a calibration line 
determined in adults. Using a more complex model we also found an underestimation 
of 5 % So2 under the assumption that HbF only changes the absorption coefficients and 
not the scattering coefficients.18 
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Multiwavelength analyzers ("СО-Oximeters") are used for routine measurement of 
hemoglobin oxygen saturation (So2) and other hemoglobin derivatives in blood samples. 
The So2 values are also used to cross-validate other So2-measuring systems (pulse 
oximeters or fiber optic oximeters). Validation and calibration of the latter systems are 
often performed in animal models; however, differences in the absorption spectra between 
various species1"3 can result in erroneous measurement of So2, if the СО-Oximeters are 
used with the incorporated absorptivity matrix for human adult blood. Although most CO-
Oximeters are provided with matrices for a few other species, the differences between 
these matrices are not always stated by the manufacturer, nor the effect on the measured 
So2 if the human adult matrix is used. If the multi-wavelength analysis is used as a 
secondary standard, the determination of SO2 must be as accurate as possible. Therefore, 
we report here the deviation in So2 of fully saturated and desaturated hemoglobin in 
samples of various species measured with a СО-Oximeter using the human matrix. 
The spectra of hemoglobin derivatives are only slightly different between species, 
resulting in but a small error in measured So2. Because of the linear relationship between 
5o2 by multiwavelength analysis and by the reference method,
4
 we explored the possibility 
of using a linear transformation to obtain corrected values for 5o2. By using the deviation 
at an So2 of 100.0% and 0.0% (with the human adult as a reference), one can calculate 
correction coefficients a and b from the linear transformation equation to transform the 
saturation reading [5o2(r)] of the СО-Oximeter to the actual saturation (So2(c)): 
5o2(c)= a · 5o2(r) + b (Eq. 3.2.1) 
Heparinized samples, obtained in accordance with the ethical standards of our institution's 
responsible committee, were fully oxygenated and deoxygenated by tonometry with gas 
preparations of 950 mL of 0 2 + 50 mL of C02 per liter and 950 mL of N2 + 50 mL of 
C02 per liter, resulting in a Po2 >600 and <3 mmHg, respectively. Six different 
individuals of five species were measured five times on an IL482 CO-Oximeter 
(Instrumentation Laboratories, Lexington, MA). Results are given in Table 3.2.1. Human 
adult blood was used as reference and therefore set at 100.0% and 0.0% (columns 3 and 
5, respectively). The correction coefficients a and b (Eq. 3.2.1) were calculated from the 
deviation at 100.0% and 0.0% with respect to human adult blood. For example: an IL482 
reading [So2(r)] of 50.0% would result in the following calculated 5o2 [So2(c)] values for 
different species: 
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Human fetus: 
Sheep adult: 
Sheep fetus: 
Pig adult: 
Table 3.2.1. 
Species 
Human adult 
Human fetus 
Sheep adult 
Sheep fetus 
Pig adult 
η = 30 each 
So2(c)= 0.971 ·5Ο2(Γ) + 0.194 = 48.7%, 
So2(c)= 0.979 -So2(r) + 0 = 48.9%, 
SO2(c)= 0.969 · 5o2(r) • 0.581 = 47.9%, 
5o2(c)= 0.963 -So2(r) + 0.867 = 49.0%. 
Measured results and calculated correction coefficients. 
Й>2 (%) at 
Ро
г
 >600mmHg 
Mean (SD) Cale. 
meas. Sfy = 100 
99.8 (0.3) 100.0 
102.6 (0.3) 102.8 
102.0 (0.3) 102.2 
103.6 (0.3) 103.8 
102.7 (0.7) 102.9 
SOj (%) at 
Ро
г
 S3 mmHg 
Mean (SD) Cale. 
meas. SOi = 0 
1.9(0.2) 0.0 
1.7 (0.4) -0.2 
1.9 (0.4) 0.0 
2.5 (0.4) 0.6 
1.0(0.3) -0.9 
Correction 
coeffï 
a 
1.000 
0.971 
0.979 
0.969 
0.963 
cients 
b 
0.000 
0.194 
0.000 
-0.581 
0.867 
To verify the validity of this exercise, we used the absorptivity matrices of human adult 
hemoglobin and human fetal hemoglobin2 to calculate the expected 100% reading of a 
human fetal sample when the matrix for adult blood was used. Because the mean fetal 
hemoglobin fraction (of total hemoglobin) in our human fetal samples was 69% (SD 9%), 
we used a HbF fraction of 0.69 in the mathematical approach. We also assumed that the 
samples contained entirely oxyhemoglobin, with no carboxyhemoglobin, methemoglobin, 
or deoxygenated hemoglobin. The calculation yielded a reading of 103.0% for the fully 
saturated (100%) human fetal sample, which agrees well with the actual reading given in 
Table 3.2.1. 
In conclusion, this procedure offers an easy way to increase the absolute accuracy 
of 5o2 readings for other than adult human samples without the laborious determination 
of the absorptivities of hemoglobin derivatives of other species. The procedure can easily 
be repeated for other multiwavelength analyzers as well. 
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3.3 The accuracy of a fiberoptic oximeter over a wide range 
of arterial oxygen saturation values in piglets 
Roel Nijland, Henk W. Jongsma, Jan G. Nijhuis and Berend Oeseburg 
Acta Anaesthesiologica Scandinavica 1995;in press 
Abstract 
A piglet model was used to evaluate the accuracy of a fiberoptic oximeter over a wide 
range of arterial oxygen saturation (5a02) values. In eight anesthetized piglets, the 
inspired oxygen concentration was varied from 30% to 6% resulting in a Sa02 range 
from 100% to 15%. Paired data of the Opicath* fiberoptic catheter, which was placed 
in the descending aorta, and blood sample 5ao2 values assessed by a multiwavelength 
oximeter, were analyzed. After in vitro calibration according to the manufacturer's 
instruction, the fiberoptic catheter started to underestimate the Sao2 below 78%, 
worsening towards lower Sao2 values. The overall bias was -3.4% and the precision 
3.8%. An off-line fit with a non-linear model resulted in a standard deviation of 
residuals of 2.6%. After several in vivo calibration adjustments when the fiberoptic 
oximeter deviated more than 4% from the blood sample value, the bias was eliminated 
over the total 5ao2 range and the precision was 3.7%. The Opicath* fiberoptic 
oximeter could have an accuracy for the whole Sac^ range between 15-100% close to 
the accuracy of the multiwavelength oximeter, when the fiberoptic oximeter is adapted 
for the underestimation below 78% iac^. 
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Introduction 
Intravascular determination of hemoglobin oxygen saturation (SOj) by fiberoptic 
oximetry is used clinically to monitor the mixed venous So2 of critically ill adults,
M 
and also to assess the arterial oxygen saturation (SaOj) in neonates.5 The instrument 
has also been used for the continuous monitoring of the oxygenation of the blood of 
animals during hypoxia experiments.6·7 Furthermore, it might also be useful for the 
continuous measurement of the oxygen saturation in the right atrium,8 or even in the 
coronary sinus, and for the in vivo evaluation of newly developed clinical monitoring 
techniques (such as fetal reflectance pulse oximetry and near infrared spectroscopy). 
For the evaluation of these saturation measuring systems, blood sample analysis by a 
multiwavelength analyzer is generally used. Disadvantages of intermittent blood 
sampling are, however, the sensitivity to sampling errors and the fact that it only gives 
snapshot information about So2. At low So2 values fiberoptic oximetry may be 
especially useful, since the oxygen dissociation curve is very steep below 70% So2, 
and small changes in the partial oxygen pressure result in large changes in So2. These 
changes occur very rapidly and can not be assessed by intermittent blood sampling. 
In vitro and in vivo measurements in humans and in animals have demonstrated 
a high accuracy, for 5o2 values above 60%,
1
'
5,9
·
10
 However, for low oxygen saturation 
values fiberoptic oximetry has not been thoroughly investigated. Therefore, we 
evaluated the accuracy of a fiberoptic system (Opticath*, Oximetrix, Mt. View, CA) 
over a wide range of arterial oxygen saturation values in piglets (5а02 range 15% to 
100%). 
The Oximetrix computer (Oximetrix, Mt. View, CA) has an in vitro calibration 
system using a standard reflection surface, and an in vivo calibration procedure which 
is unclear for the user. The in vivo calibration procedure is advised when the So¡ 
value of a blood sample deviates more than 4% from the fiberoptic value. Although 
this in vivo calibration has been used to evaluate the fiberoptic oximeter,2,3 it is not 
clear to what extent this calibration influences accuracy. Measurements were therefore 
made before and after the in vivo calibration procedure of the Oximetrix system. 
Material and Methods 
Approval for this study was obtained from the local Ethical Committee for animal 
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experiments. Eight piglets of either sex, aged 6 to 14 weeks (Dutch piglet, weight 
9-26 kg) were used in this study. Anesthesia was induced by azaperone 0.5 mg/kg, 
0.5 mg atropine, and midazolam 15.0 mg i.т., after which 120.0 mg pentobarbital 
natrium was given i.V.. The piglets were intubated and ventilated with a mixture of 
02/N20 using a respiration rate of 16-20 per min and a tidal volume of 25 ml/kg. An 
Engström ventilator (ER 300 respirator, Bromma, Sweden) was used for animals 
weighing more than 10 kg and a Hoek Loos infant ventilator (M.K. 2, Rotterdam, The 
Netherlands) was used for animals weighing less than 10 kg. Anesthesia was 
maintained with a continuous ketamine infusion of 200-300 mg/h i.v. and 0.4-0.8% 
enflurane in the gas mixture. Rectal temperatures of 37.7 "C (range 36.5 °C to 39°C) 
were kept constant by covering the animals with a silver swaddling band and by 
placing a thermostatic heating pad underneath the animal. Three ECG electrodes were 
attached subcutaneously and connected to a Datascope monitor. A fiberoptic catheter 
(Abbott Opticath", U440, 4 French, Oximetrix Ine, Mt. View, CA) was connected to 
an Oximetrix computer (Oximetrix, Mt. View, CA) and the operating mode was set to 
Sao2. After in vitro calibration according to the manufacturer's instructions, the 
fiberoptic catheter was inserted in the femoral artery, and was positioned in the 
descending aorta. Blood coagulation was prevented by giving the piglets an i.v. bolus 
injection of heparin, 150 IU/kg, after which the catheter of the fiberoptic system was 
connected to an infuser containing heparinized saline (2ml/h; maintenance doses of 
heparin 50 IU/kg). Heparinizing the blood did not affect the measurements. Sampling 
of blood through the lumen of the fiberoptic catheter resulted in a change in the 
recorded saturation during sampling, particularly at low Sao2 values. To avoid this, 
the carotid artery was cannulated for the sampling of blood and for measuring arterial 
pressure (Viggo Spectramed TDN-R*, neonatal use, Headfield, UK). Heparinized 
samples were analyzed either immediately, or stored on ice and analyzed within 30 
minutes. 5ao2, blood gases and pH were measured with multiwavelength oximeters 
and blood gas analyzers (IL4827IL1302* CO-Oximeter/blood gas analyzer, 
Instrumentation Laboratories, Lexington, Mass; ABL510™, Blood Gas System, 
Radiometer, Copenhagen, Denmark). The blood gas analyzers were calibrated and 
standardized with reference gases and pH solutions. The СО-Oximeter's values were 
obtained using the absorptivity matrix for human adult blood as incorporated in the 
analyzer. Minor but significant differences in the hemoglobin spectra between species11 
give rise to small variations in the read-out of multiwavelength oximeters12 and, as a 
consequence, the possibility of 5ao2 readings above 100%. The Oximetrix computer 
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clips the values at 100%. We excluded all paired samples when the Oximetrix 
computer displayed a value of 100%. The continuous Sao2 signals of the Oximetrix 
computer, heart rate and arterial pressure were recorded on a personal computer using 
the data acquisition system Poly (Inspector Research System). Inspired 02 
concentration and expired C02 concentration were monitored continuously (Datex 
Capnomac*). 
Experiments were performed according to the scheme as shown in Table 3.3.1. 
In all 8 animals three stepwise desaturations were achieved by lowering the F,02 from 
25-30% to 6%, resulting in à Sao2 range of 100-15%. At each 10%-step in the oxygen 
saturation level a sample was taken. The recovery period between each desaturation 
lasted 45 minutes. In vivo calibration adjustments of the fiberoptic oximeter were only 
performed during the second desaturation of 5 piglets, each time the oximeter display 
deviated more than 4% from the blood sample value. In the first and third desaturation 
of these 5 piglets and in all desaturations of the 3 other piglets no calibration 
adjustments were performed. The effect of the in vivo calibration was studied 
comparing desaturation 1 and desaturation 3. In 3 piglets the stability of the calibration 
was studied comparing desaturation 1, 2 and 3. 
Table 3.3.1. Experimental protocol. First desaturation, no calibration adjustments in all 8 piglets. 
Second desaturation, in group I in vivo calibration adjustments, in group II no 
calibration adjustments. Third desaturation no calibration adjustments in both group I 
and II. 
1st desaturation 2nd desaturation 3rd desaturation 
Group I (n=5) no cal. cal. no cal. 
Group II (n=3) no cal. no cal. no cal. 
Total (n=8) 
Blood samples were drawn from the carotid artery 1 min after the inspired 02 
concentration was changed and 5ao2 was stable. In one animal two paired samples 
were taken at 50% and 100% Sa02 through the cannula and through the fiberoptic 
catheter and measured in duplicate. The difference between the paired samples at 50% 
and 100% Sao2 was within 1.3% SaOj. This was comparable with the Sa02 difference 
in the duplicate measurements. 
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The paired data of blood sample and fiberoptic oximeter were analyzed as 
follows. Firstly, the paired data of the first desaturation (8 piglets) and third 
desaturation (5 piglets) were analyzed according to Bland and Altman.13 The mean 
difference between fiberoptic oximeter 5ao2 reading and blood sample 5ao2 value 
(bias) and the standard deviation of the differences (precision), and the Pearson 
correlation coefficient were calculated. Secondly, for the data of the first desaturation 
(8 piglets) a non-linear regression analysis (SAS, NLIN procedure) was used for a 
non-linear calibration model, and analysis of covariance (SAS, GLM procedure) was 
used to test for the heterogeneity of the slopes of the calibration lines of the individual 
piglets. The standard deviation of the residuals (SD
rcs
) is a measure for the 
unexplained variation in the data and is equal to the precision when the bias is zero. 
Thirdly, in the 3 piglets in which the fiber was not calibrated in vivo during the 
second desaturation, the 3 successive desaturations were compared. 
A total of 21 samples were excluded from analysis; for 13 samples the 
Oximetrix computer displayed 100%; for 8 samples the СО-Oximeter gave a question 
mark for the SaOj value. Heart rate, mean arterial pressure (MAP), pH and 
hemoglobin (Hb) concentration were measured at the start of desaturation 1 and were 
used as baseline values. Values at the start of desaturation 2 and 3 were compared to 
this baseline with the paired Mest. A Bonferroni correction was performed to obtain 
the proper ρ values, where more than one comparison was made. 
Results 
Mean values for heart rate, MAP, pH and Hb concentration at the beginning of each 
desaturation are summarized in Table 3.3.2. All animals started with a similar MAP 
before each desaturation, but heart rate remained significantly higher after the first 
desaturation. There was no significant difference in Hb concentration or pH at the 
beginning of each desaturation. 
58 
Table 3.3.2. Blood and cardiovascular variables before each desaturation. Variables are expressed 
as mean (SD) for 8 piglets. 
heart rate (bpm) 
MAP (mmHg) 
рн 
Hb (mmol/1) 
1st desaturation 
mean 
95 
56.3 
7.49 
6.1 
(SD) 
(32) 
(4.0) 
(0.08) 
(0.5) 
2nd desaturation 
mean 
122 
56.5 
7.45 
6.4 
(SD) 
(47)* 
(4.7) 
(0.11) 
(0.5) 
3rd desaturation 
mean 
124 
54.5 
7.43 
6.4 
(SD) 
(34)** 
(2.6) 
(0.07) 
(0.6) 
* ρ<0.05, ** p< 0.01, Student's paired í-test, MAP=mean arterial pressure, Hb=hemoglobin 
concentration. 
A total of 91 paired samples could be analyzed for the first desaturation in 8 piglets 
before any in vivo calibration procedure of the fiberoptic oximeter was performed. 
The mean bias was -3.4% over a range of 15-100% Saa¡ (Fig. 3.3.1 and 3.3.2). The 
bias was -0.6% for values above 70% Sac^ and below a Sao2 of 30% the bias was -
7.3%. The precision was 3.8% and the Pearson correlation coefficient was 0.99. 
In vivo calibration adjustment of the fiberoptic oximeter at low Sao2 values 
resulted in a deviation at high Sao2 values, after which the fiberoptic oximeter had to 
be calibrated again at high Sao2 values. This in vivo calibration adjustment had to be 
performed 5-7 times in all 5 piglets before the difference between fiberoptic and blood 
sample was less than 4% over the whole Sac^ range. After the in vivo calibration in 
the 2nd desaturation, the bias in the 3rd desaturation was reduced to -0.5% over the 
total 5ao2 range (Fig. 3.3.3 and 3.3.4). The precision in the 3rd desaturation (5 
piglets) was 3.7% (n=71). The Pearson correlation coefficient was 0.99. 
The data of Fig. 3.3.1 can be described by two line segments. The point of 
intersection of the two lines resulting from the non-linear fit was at 77.6% Saa¡ with a 
95% confidence interval of 63.9 to 91.3%. For values above 77.6%, the fitted line 
segment did not differ from the line of identity (p>0.05). The equation for the line 
segment below a 5a02 of 77.6% was: fiber Sac^ = 1.16-sample 5ao2 - 12.33, the 
SDra was 2.6%. This model with two line segments gave a closer fit than a model 
with a single line. 
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Figure 3.3.1. SaOj of blood samples measured by the multi-wavelength oximeter against the 5ao2 
values obtained from the Opticath* fiberoptic oximeter in the first desaturation, before 
in vivo calibration, in 8 piglets. The solid line is the best fitting calibration line below 
a Sa02 of 77.6%: fiber SaOj = 1.16-sample Safy - 12.33. Dashed line is the line of 
identity. SDICS = standard deviation of residuals. 
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Figure 3.3.2. Scatter plot of difference values (fiberoptic Opticath" minus blood sample oxygen 
saturation) against the measured Sa02 of the blood sample in the first desaturation. 
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Figure 3.3.3. SaOi of blood samples measured by the multi-wavelength oximeter against the Sa02 
values obtained from the Opticath* fiberoptic oximeter in the third desaturation, after 
in vivo calibration, in 5 piglets. Dashed Ime is the Ime of identity. 
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Figure 3.3.4. Scatter plot of difference values (fiberoptic Opticath* minus blood sample oxygen 
saturation) agamst the measured £а02 of the blood sample m the third desaturation 
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In desaturation 1, the slopes were significantly different for the individual 
calibration lines below a Sa02 of 77.6% (covariance analysis, ρ <0.0001). However, 
the explained variation by the model only increased from 98.0% to 98.7%. 
In 3 piglets, the fiberoptic oximeter was not calibrated in vivo during the whole 
experiment, which lasted 5 to 7 hours. Individual piglets showed a different best 
fitting calibration line, but there was no difference in this line for the 3 successive 
desaturations. 
Discussion 
The ability to measure low levels of oxygen saturation accurately with a fiberoptic 
catheter is of importance in various clinical settings. In critically ill patients venous 
So2 occasionally falls below the normal level of 70%, with values as low as 30 %.
1 , 2
·
4 
In this study, we determined the accuracy of the Opticath* fiberoptic oximeter in an 
Sao2 range of 15-100%, in a piglet model. After the in vitro calibration according to 
the manufacturer's instructions an underestimation was seen below 78% 5ao2, 
resulting in a substantial bias at the lowest levels of SaOj. A two line segment model 
gave a close fit with a SD
rra
 of 2.6% of unexplained variation around the line 
segments. Adapting the fiberoptic oximeter for this deviation would result in a very 
accurate device over the total Sao2 range. After the in vivo calibration adjustments the 
bias was also removed but the (imprecision was larger (3.7% instead of 2.6%). The 
SD
res
 of 2.6% is close to the 2% specified in the manual13 for an 5o2 range of 40-
100% and is also comparable with the SD of 2.46% determined by measuring the 5ao2 
in sick newborn infants with values predominantly above 60 %? 
In most studies, '-5·9·10·15 both the Pearson correlation coefficient and the SD of 
residuals (often called standard error of estimate = SEE or standard deviation of Y for 
fixed X=sY X) of the best fitting line have been calculated, between the venous 5o2 
measured by the Opticath* fiberoptic oximeter and blood samples. These clinical 
studies have revealed a correlation of 0.88 to 0.99 and a small SD of residuals of 
2.2% to 4.6%. In contrast with the Sao2 range of the present study, most venous 5o2 
values of the clinical studies were above 60%. In one experimental study with dogs, 
the venous 5o2 range has been extended to 20%.
16
 The correlation coefficient was 0.99 
with a SD of 2.2% and a small bias. The present study showed a larger bias at low 
5ao2 values. This might be explained by the blood flow towards the tip of the catheter 
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resulting in a different absorption, reflection and refraction, particularly at low Sao2 
values, compared with the blood flow in the opposite direction. 
To correct for drift, in vivo calibration of the fiberoptic oximeter has been used 
by Reinhart et al.2 In our study there was no indication that drifting had occurred, 
because individual calibration lines remained the same in 3 desaturations over 5-7 
hours. Furthermore, all catheters were checked after the experiment and no clot 
formation was observed (light microscope, 50X). When the fiberoptic catheter was 
flushed with a heparinized solution no drifting was noted over 24 h.116 From the 
manufacturer's description it is unclear how this in vivo calibration procedure alters 
the calibration line. The first in vivo calibration adjustment at a low SaOj level resulted 
in a large deviation at a high Sao2 level. Only after several in vivo calibration 
adjustments at high and low Sao2 levels, was it possible to obtain satisfactory values 
over the whole Sao2 range. The algorithm of the in vivo calibration seems to be more 
complicated than only adjustments on the slope because then "see-sawing" around the 
line would have been expected, without improvement. For clinical purposes, when the 
catheters may remain in place for several days, this in vivo calibration can be useful to 
correct for drift. However, for experimental use, off line correction for a deviation 
from the line of identity seems to be the best option, until the fiberoptic oximeter is 
adjusted for this deviation. The precision of the fiberoptic oximeter is close to that of 
multiwavelength oximeters, with a reported precision of ¿ 1%. Although some 
authors correctly conclude that fiberoptic oximetry is still not equivalent to the 
multiwavelength oximeters, pre-analytical sampling errors17 are not included in the 1 % 
accuracy of the multiwavelength oximeters. Blood samples could have been corrected 
for pig blood to increase12 the absolute accuracy, but the changes in result would have 
been insignificant. 
The Sao2 variations of the fiberoptic oximeter are influenced by different 
factors such as: hematocrit, hemoglobin concentration, pH, erythrocyte shape, degree 
of rouleaux formation, blood flow velocity and distance of the catheter tip from the 
vessel wall.18,19 Using three wavelengths compensates for some of these factors: 
hematocrit, pulsatile flow and changes in light scattering from red blood cell 
surfaces.20 Clinical and animal studies have confirmed that differences in hematocrit or 
hemoglobin concentration do not influence the accuracy,1·1621 while for pH the 
calibration only seems to change by 1%/0.1 pH unit.22 
In conclusion, the Opicath* fiberoptic oximeter could have an accuracy for the 
whole Sao2 range between 15-100% identical to measurements of the mixed venous 
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saturation and close to the accuracy of the multiwavelength oximeter, when the 
fiberoptic oximeter is adapted for the underestimation below 78% Sac .^ 
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Introduction 
Continuous fetal heart rate (FHR) monitoring is used to assess the fetal condition 
during labor. Unfortunately, FHR patterns are not always easy to interpret, with low 
sensitivity and specificity as consequence. Other continuous methods for fetal 
surveillance have been proposed during labor (e.g. transcutaneous Po2 and Pco2, and 
pH-monitoring), but are not in widespread use. 
With the development of reflectance pulse oximetry (RPOX), fetal arterial 
oxygen saturation (5ao2) can be estimated continuously and noninvasively and this 
method may become an additional monitoring technique during labour.1,2 Tissue is 
transilluminated by red and infrared light and from the alternating back-scattered light 
intensities, caused by the pulsating blood volume in the tissue, a red to infrared ratio 
can be calculated. This red to infrared ratio is empirically calibrated with blood 
sample Sa02 values. Since the fetus is inaccessible for arterial blood sampling and fetal 
Sao2 values are predominantly below 70%, the accuracy of RPOX is usually evaluated 
with in vitro models or animal models. Studies with in vitro models often use 
homogenous media,3 which is a simplification of the inhomogeneous medium of the 
skin and underlying tissue structures. 
The accuracy of a prototype reflectance fetal pulse oximeter (Nellcor) has been 
assessed by comparing measurements on the fetal lamb scalp with arterial blood 
samples.4 We used an identical sensor and investigated whether measurements on the 
fetal neck would give the same calibration line and a comparable precision. 
Additionally, we studied the influence of wet hair on the calibration. 
Material and Methods 
Under general anaesthesia (2% enflurane in 50/50 02 and N20) six ewes of 126-141 
days of gestation were operated on. After hysterotomy, a catheter was placed in the 
left fetal brachial artery for arterial sampling. A fiberoptic catheter (Abbott Opticath", 
U440, 4 French, Oximetrix Ine, Mt. View, CA) was inserted into the fetal carotid 
artery. Both catheters remained with the tip in a pre-ductal position. ECG electrodes 
were sutured subcutaneously and two RPOX sensors (Nellcor, Pleasanton, CA) were 
placed on the neck of the fetal lamb. The RPOX sensor is developed for fetal 
monitoring and consists of two Light Emitting Diodes (LEDs), one for red (660 nm) 
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and one for infrared light (890 ran). A single photodetector is placed at 10 mm 
adjacent to the LEDs and receives the back-scattered light. 
The sensors were placed on the shaved skin of the neck, except in 3 fetal lambs 
in which one of the sensors was placed on the wet, unshaved skin. The sensors were 
fixed by an elastic band, without applying excessive pressure to prevent compression 
of the circulation. The sensors made appropriate contact with the skin, so that direct 
shunting from red and infrared light to the detector was prevented.5 To avoid optical 
shunting from one sensor towards the photodetector of the other sensor, the sensors 
were placed at an appropriate distance from each other. Lack of optical shunting was 
verified, prior to the start of the experiment, by disconnecting of one RPOX system, 
which did not change the red and infrared pulses of the other system. The fetal head 
and neck remained exposed during the experiment and cooling of the fetal lamb was 
prevented by a thermostatic heating pad under the ewe and a warming lamp above the 
fetus. The sensors were covered by a warm saline soaked towel and the operation 
lights were switched off. 
Both sensors, together with the amplified ECG signal, were connected to 
prototype N-400 oximeters (Nellcor, Pleasanton, CA). The ECG signal is used to 
cardiosynchronise the red and infrared pulses (C-Lock, Nellcor). The calibration of 
the prototype N-400 oximeter is based on measurements on human volunteers (Sao2 
range 50-100%) and fetal sheep (Sao2 range 10-50%). The signal quality of the N-400 
is expressed as a score (range 0-100%) and is based on various factors such as pulse 
amplitude, synchrony of red and infrared waveform and synchrony with the fetal 
ECG. All signals with a quality of > 50% resulted in a pulse oximeter saturation 
(Spo2) display and were accepted for analysis. The fiberoptic catheter was connected 
with an Oximetrix computer (Oximetrix Ine, Mt. View, CA) and the operation mode 
was set to Sao2. The fiberoptic catheter was calibrated in vitro according to the 
manufacturer's instruction and connected to an infuser containing heparinized saline (5 
IU/ml at 1 ml/h). Fiberoptic Sa02 values were calibrated off line, assuming a linear 
relationship with sample Sao2 values. All continuous signals were stored and analyzed 
on a personal computer. Signals were averaged over 5-second periods. The catheter in 
the brachial artery was used for sampling of blood, avoiding changes of Oximetrix 
5ao2 display due to the sampling. Heparinized samples were analyzed within 5 min to 
assess 5ao2 (Instrumentation Laboratory 482*, corrected for fetal sheep blood6), pH 
and blood gases (Instrumentation Laboratory 1312*), corrected to 39 °C. 
Different fetal oxygen saturation levels were achieved by a stepwise change of 
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the matemal Fi02 from 30% to 9%. In each lamb one or two desaturation experiments 
were performed. 
Continuous Spo2 readings were compared to continuous 5ao2 measurements of 
the fiberoptic oximeter. Paired measurements on shaved and unshaved skin were 
analyzed with Student's i-test. Simultaneous measurements of sample Sao2 were 
compared with Sp02 readings by calculation of the mean difference (bias) and the 
standard deviation of the differences (precision). With linear regression analysis (least 
square method) the calibration line and the standard deviation of residuals (SD^) were 
calculated. Significance was held at a/?-value <0.05. 
Results 
An example of a desaturation experiment is given in Fig. 4.1.1. One sensor was 
placed on a shaved part and one on an unshaved part of the neck. With both RPOX 
sensors a continuous recording could be obtained, but Spo2 readings differed 
substantially from sample and fiberoptic Sao2 values. This difference in saturation 
increased from 5-10% at the beginning towards 15-20% at the lowest point of 
hypoxia. The pH at the beginning and end of this period was 7.37. 
In Fig. 4.1.2 all simultaneous measurements with the sensor placed on the 
shaved or unshaved skin versus the sample Sao2 values are shown in 3 fetal lambs. 
The mean difference between both sensors was 0.1% (SD=3.2, n=17; p>0.05, 
Student's paired Mest). 
In Fig. 4.1.3 another example is given of a recording with one RPOX sensor 
on the shaved skin. A perfect relation was observed between both continuous tracings 
and the sample values until the lowest point of hypoxia, but an increasing difference 
between fiberoptic values and Spo2 values was observed as 5ao2 returned to control 
values. 
Since no difference was observed between shaved and unshaved measurements 
all paired data of Sao2 values and Spo2 readings were analyzed (Fig. 4.1.4). The 
bias±precision was 4.7±7.3% over a Sao2 range of 16-81%. The Spo2 readings were 
statistically higher than the SaOj values (p< 0.001, Student's paired /-test). Bias was in 
general larger after the first desaturation experiment. Linear regression gave the 
following equation: SpO2=1.02 -Sa02 + 3.63 (SDres=7.3, n=82). 
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Figure 4.1.1. A desaturation experiment with continuous 5ao 2 |5po 2 recordings of fiberoptic (FO) 
oximetry, RPOX sensors on shaved (s) and unshaved (u) skin, sample values, and the 
difference between fiberoptic Sa02 and RPOX 5p02. 
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Figure 4.1.2. Paired measurements of the RPOX sensors on shaved and unshaved skin (wet hair) 
versus the sample SaOj values in 3 fetal lambs. 
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Figure 4.1.3. A desaturation experiment with continuous Sao^SpOj recordings of fiberoptic (FO) 
oximetry, RPOX sensor on shaved (s) skin and sample values and the difference 
between fiberoptic 5ao2 and RPOX Spa,. 
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Figure 4.1.4. Paired measurements of SaOj and ¿po? in 6 fetal lambs. Dashed line is line of identity. 
Solid line is calibration line with equation: S p o ^ l . 0 2 -SaOi + 3.63 (SD r a=7.3, n=82). 
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Discussion 
Bias and precision are used to describe the accuracy of one method relative to another 
method.7 In this study sample 5a02 values are considered as the "gold standard" and 
the bias is thus an estimation for a systematic error, that is an overestimation or 
underestimation relative to the sample Sao2 value. We found a slightly different 
calibration line for the pre-calibrated oximeter with the RPOX sensor on the fetal 
neck, with an overestimation in saturation of 4.7%. Mendelson et al used in pigs an 
experimental sensor with two pairs of 660 and 930 nm LEDs and a concentric array of 
6 photodetectors and also found a systematic difference between scalp and neck 
measurements.8 Neck measurements overestimated the Sao2 with 4% at 100% Sao2 
and underestimated the Sa02 with 5% at 30% 5ao2, compared to scalp measurements. 
It is not clear of the difference between their8 and our study at low saturation is caused 
by differences in sensor design, species or other reasons. 
The precision is an estimation for the random error of the RPOX system. Our 
results showed a precision of 7.3% (neck) which is worse than the 5.5% (scalp) 
reported for 3 fetal lambs with an identical sensor.4 Other studies using a RPOX 
sensor with a comparable LEDs/photodetector configuration reported a precision for 
fetal sheep scalp measurements of 4.7 and 6.6%,9·10 with respectively 4 and 2 fetal 
lambs. Mendelson et al8 found a precision of 3.5% and 4.1% for scalp and neck, 
respectively. Their study showed a large difference between the number of paired 
sample points for the scalp (n=37) and the neck (n=321); the total number of animals 
was not mentioned. 
Various RPOX systems may differ in their performance. However, the results 
of the various systems are difficult to compare because of differences in: species, 
numbers of animals, sample points and acceptance criteria for data. We like to 
comment on some factors which contribute to the overall precision of RPOX systems: 
1. The pulse oximeters used in the cited studies are provided with a general calibration 
line based on the pooled measurements of different subjects (humans and/or animals); 
this calibration is considered applicable to individual subjects. In our study the precise 
continuous Sao2 recording by the fiberoptic oximeter made it possible to distinguish 
between short term deviations and systematic errors. We found as well systematic 
differences in the calibration between individual animals, as an animal in which the 
calibration changed over time during the experiment (Fig. 4.1.1 and 4.1.3). These 2 
examples show systematic errors in individual animals which are not apparent in an 
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overall bias and precision. None of the previously mentioned studies reported 
systematic differences in individual calibration, however from a figure in one study 
this can also be concluded10. 
2. Acceptance criteria of signals (a visual check of the red and infrared signals or a 
small SD around the mean red to infrared ratio in a certain epoch of the measured 
signals) were set at the moment of analysis,4,9·10 however it would have been better if 
those criteria were set beforehand to avoid observer bias. We used the quality scale of 
the N^400 and set it beforehand to 50%. 
3. Several avoidable circumstances may lead to a reduced accuracy. Inappropriate 
sensor contact may lead to an inaccurate estimation of Sao23. We therefore verified 
sensor placement before and after the experiments. Optical shunting through hair is 
also raised as a possible cause of inaccurate measurements. We could not observe any 
difference between shaved and unshaved wet hair. Since the color of our fetal lamb 
hair was white, this observation may not hold for other colors or dry hair. 
Furthermore, fetal pulses are small9 resulting in a smaller signal to noise ratio and the 
possibility of a lower accuracy. In this study most pulse signals were visually verified 
and no artifacts were observed which could explain the deviation from the samples or 
fiberoptic tracing. 
4. Improvement of the data processing may result in more accurate estimation of the 
Sao2 as far as an increased signal to noise ratio results in a reduced random error. 
However, the part of the (im)precision of the calibration which is due to systematic 
differences between subjects can not be improved by better data processing. 
Theoretical models and in vitro models predict that several factors e.g. blood volume, 
hematocrit3,11 affect the accuracy of RPOX systems, specially at low 5ao2 levels. 
Differences in skin structure, subcutaneous tissue and local differences in vascular 
density may add to a decreased accuracy. 
More studies have therefore to be performed with a sufficient amount of ani-
mals, before obstetricians can rely on Spo2 readings of RPOX systems for intrapartum 
fetal monitoring. 
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4.2 Reflectance pulse oximetry in fetal lambs: subcutaneous vessels 
and vasoconstriction affect its reliability 
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Abstract 
Objective. Reflectance pulse oximetry (RPOX) has been introduced for intrapartum 
fetal surveillance. The purpose of this study was to describe two possible effects on 
the reliability of RPOX, namely the effect of the presence of a subcutaneous vein and 
the effect of vasoconstriction by adrenaline, both at fetal Sao2 levels. Methods. In 
four anesthetized fetal lambs, a prototype 660/890 nm reflectance sensor (Nellcor Inc.) 
was placed on the fetal head, with the photodiode of the sensor precisely over a 
superficial subcutaneous vein. Measurements were made before and after coagulation 
of the vein. In five anesthetized fetal lambs one or two reflectance sensors were placed 
on the fetal head and/or neck and adrenaline was administered in doses of 0.02 to 0.04 
mg via a brachial artery. Pulse oximeter oxygen saturation readings (SpOj) were 
compared with continuous arterial oxygen saturation (Sao2) values obtained using a 
fiberoptic catheter (Opticath Abbott) in the carotid artery. Results. When the sensor 
was placed over the vein, the pulse oximeter read 18% to 24% too low at a Sao2 level 
of 20% to 50%. After coagulation of the vein, Spo2 readings were in agreement with 
fiberoptic 5ao2 values. Administration of adrenaline resulted in a large overestimation 
of the Sao2 in 6 of the 7 measurements. Conclusions. Subcutaneous veins and 
vasoconstriction can affect the reliability of reflectance pulse oximetry. As comparable 
situations may occur during labor, Spo2 readings should be interpreted with caution 
when this kind or comparable types of RPOX sensors are used at low 5ao2 levels. 
78 
Introduction 
Reflectance pulse oximetry (RPOX) is a technique for estimating arterial oxygen 
saturation (Sao2) continuously and noninvasively. This technique uses light emitting 
diodes (LEDs) for red and infrared light to transilluminate the tissue. A photodetector 
receives the alternating back-scattered light intensities, caused by the pulsating blood 
volume in the tissue, from which Sa02 can be estimated. 
In the literature,13 the relation between the pulse oximeter oxygen saturation 
reading (Sp02) and the detected light intensities is most often calculated on the basis of 
the assumption that Lambert-Beer law is a valid description of the transmission of 
light through tissue. In that case, Spo2 is dependent only on the ratio of the pulsatile 
red and infrared signals and some constants (extinction coefficients). Because of the 
propagation of light through blood, both absorption and scattering of light has to be 
taken into account, and the simple theory of transmission pulse oximetry is not valid. 
Instead an experimental calibration is performed, which has been shown to be accurate 
in the Sa02 range of 70% to 100% for transmission pulse oximetry.1·3·4 For RPOX 
similar experimental calibrations are performed.5·6 In theoretical models in which the 
propagation of light is based on both absorption and scattering of light, the relation 
between 5po2 and the measured ratio of pulsatile red and infrared signals becomes 
complex.7·8 In these models the Spo2 is, for instance, also dependent on the tissue 
blood volume. The influence of blood volume on the calibration is predicted to be of 
minor importance at high Sao2 levels but becomes significant at low Sao2 levels.7·8 
Tissue blood volume is determined by the presence of large subcutaneous arteries and 
veins and the vascular density in general. During general hypoxia, tissue blood volume 
may be reduced because of (sub)cutaneous vasoconstriction. 
RPOX is used for monitoring the Sao2 of the fetus during labor,911 where Sao2 
values are predominantly below 70%. During labor, the reflectance sensor has to be 
placed blindly on the presenting part of the fetus and may therefore be positioned over 
a subcutaneous artery or vein. During labor, hypoxia may occur, which can result in a 
(sub)cutaneous vasoconstriction. The effect of blood volume differences cannot be 
studied in the human fetus because 5po2 readings cannot be compared to a correct 
standard. Nor could such a study be performed in the human neonate or adult because 
of the much higher 5ao2 levels. Therefore, we set out to investigate the effects of 
visible subcutaneous vessels under the reflectance sensor and of vasoconstriction by 
adrenaline, on the reliability of RPOX at low Sao2 values in the fetal lamb. 
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Methods and materials 
Surgery. Under general anesthesia (2% enflurane in 1:1 oxygen and nitrous oxide), six 
pregnant ewes of the Dutch Texel breed were operated on between 134 and 139 days 
of gestation (term 147 days). Fetal lambs were prepared with a catheter in the left 
fetal brachial artery for arterial sampling, and a fiberoptic catheter (Abbott Opticath", 
U440, 4 French, Oximetrix Inc., Mt. View, CA) in the fetal carotid artery for 
continuous intravascular recording of the Sao2. Both catheters remained with the tip in 
a pre-ductal position. Three electrocardiogram (ECG) electrodes were sutured 
subcutaneously, and RPOX sensors (660/890 nm sensor, Nellcor Inc., Pleasanton, 
CA) were placed on the shaved skin of the fetal head or neck. The sensors were fixed 
in place by an elastic band; sensors made proper contact with the skin and 
compression of the circulation was prevented. The fetal head and neck remained 
exposed during the experiment and cooling of the fetal lamb was prevented by a 
thermostatic heating pad under the ewe and a warming lamp above the fetus. The 
sensors were covered by a warm saline soaked towel and the operation lights were 
switched off. 
The RPOX sensor contained a combination of 660 and 890 nm LEDs, and one 
photodetector which was placed 10 mm from the two LEDs. The sensors and the ECG 
electrodes were connected to prototype oximeters (Nellcor Inc., Pleasanton, CA). The 
ECG was used to cardiosynchronize the optical pulses (C-lock, Nellcor Inc.). The 
prototype oximeter was provided with a calibration line based on measurements on 
human volunteers (Sao2 range 50-100%) and fetal sheep (Sa02 range 10-50%). The 
fiberoptic catheter was connected to an Oximetrix computer (Oximetrix Inc., Mt. 
View, CA); the operation mode was set to Sao2. Fiberoptic Sao2 values were linearly 
calibrated off line with the blood sample 5ao2 values. Heparinized blood samples were 
analyzed within 5 min to assess 5a02 (Instrumentation Laboratory 482*, Lexington, 
MA) and corrected for fetal sheep blood.12 All continuous signals of RPOX and 
fiberoptic oximetry were collected on a personal computer and analyzed off line. 
Experiments. Experiments described in this study were part of a validation 
study for RPOX using six ewes, starting with one or two fetal desaturation 
experiments in each lamb and taking blood samples at 10%-steps in oxygen saturation 
level. These data have been published elsewhere.13 After each desaturation, fetal lambs 
were allowed to recover for at least 30 min. 
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At the start of the experiments of this study, maternal inspired oxygen 
concentration was lowered to achieve a fetal Sao2 level of between 20% and 50%. In 
four of the six fetal lambs a subcutaneous vein was located visually and the RPOX 
sensor placed with the photodetector over the subcutaneous vein. The sensor was 
placed with the LED-photodetector axis perpendicular to the vein. The pulse oximeter 
Spo2 readings and fiberoptic 5ao2 values were obtained at an Sao2 level which was 
stable for at least one minute. Thereafter, the sensor was removed and the vein was 
coagulated with a needle, until it could no longer be visually observed. The sensor 
was then replaced in the same position and the measurements were repeated. 
The influence of adrenaline was studied in five of the six fetal lambs. The 
sensor was placed on the neck in four fetal lambs and on the head in three fetal lambs, 
a total of 7 measurements. Adrenaline was administered as a bolus via the catheter in 
the brachial artery in doses of 0.02 mg to 0.04 mg. 
The investigation was approved by the local ethical committee for animal 
experiments. 
Data analysis. The amplitudes of the pulsatile (ac) components of the red and 
infrared Plethysmographie waveforms were divided by the corresponding non-pulsatile 
(dc) components of the red and infrared signals. The percentages of ac/dc for red and 
infrared light respectively were used to calculate the red to infrared ratio 
[=(acR/dcR)/(acm/dcIR)]. The prototype pulse oximeter uses a calibration table to 
convert this ratio to an Spo2 value. The pulse oximeter displays the fetal heart rate 
(FHR) up to a maximum of 255 beats/min. During the adrenaline administration, FHR 
often exceeded this maximum value. FHR was then calculated by counting the 
numbers of ECG complexes in a 10-second period. The pulse oximeter uses a scoring 
system for signal quality, based on multiple factors such as pulse synchrony and pulse 
amplitude. All signals with a quality ¿ 5 0 % resulted in an Spo2 display and were 
accepted for analysis. The Plethysmographie waveforms were also visually verified to 
ascertain that the red and infrared peak and trough were adequate and in phase. To 
obtain signals of sufficient intensity, the pulse oximeter automatically regulates the 
intensity of the red and infrared LEDs and the amplification of the output of the 
photodetector. Therefore, ac and dc components of red and infrared signals were 
corrected for amplifying differences for each heart beat. 
For the experiments with the subcutaneous vein, values before and after 
coagulation of this vein were compared. For the experiments with adrenaline, values 
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before administration and at the lowest ac components of the signals after 
administration of adrenaline were compared. 
Results 
Off line adaption of the fiberoptic Sao2 values resulted in an accurate continuous Sao2 
standard for comparison to Spo2 readings; the standard deviation of residuals for the 
fiberoptic oximeter was < 3% oxygen saturation. During two experiments with 
adrenaline additional blood samples were drawn; fiberoptic 5ao2 values agreed with 
the sample Sao2 values. 
Subcutaneous vein. In all four fetal lambs, RPOX underestimated the oxygen 
saturation over a wide Sao2 range if the sensor was placed with the photodetector over 
the subcutaneous vein. Signal quality of all 5po2 readings was к 75 %. FHR ranged 
from 128 to 160 beats/min and did not change during coagulation. In Fig. 4.2.1 
results are shown before and after coagulation of the subcutaneous vein at an Sao2 
level of 20% to 50%. Before coagulation the difference between the 5po2 reading and 
fiberoptic 5ao2 value ranged from -16% to -28%. After coagulation, the differences 
ranged from -1% to +6% oxygen saturation. For both the red and infrared signals, 
the ac components increased or decreased, and the dc components remained the same 
or decreased after coagulation. 
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Figure 4.2.1. The differences of Spo¡ reading minus fiberoptic Sao, value against fiberoptic Sao^ 
values in four fetal lambs, before (grey symbol) and after (black symbol) coagulation 
of the vein. Each animal is represented by a different symbol. 
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Figure. 4.2.2. The effect of administration of a bolus injection of adrenaline of 0.04 mg on the 
fiberoptic SaOj values and Spo2 readings (upper panel), ac components (middle panel) 
and dc components (lower panel) of the red and infrared signal. The RPOX sensor 
was placed on the fetal neck. 
Chapter 4.2 83 
Sp02 minus Fiberoptic Sa02 (%) 
• 
• 
• 
• 
• 
H И 1 
10 20 30 40 50 
Fiberoptic Sa02 (%) 
Figure 4.2.3. The differences of SpOj reading minus fiberoptic SaOj value against fiberoptic SaOj 
values of seven measurements in five fetal lambs, before (grey symbols) and one to 
two minutes after (black symbols) injection of adrenaline, square = RPOX sensor on 
the neck, diamond = RPOX sensor on the head. 
Vasoconstriction by adrenaline. An example of the effect of a bolus injection of 
adrenaline is given in Fig. 4.2.2. In all but one of the seven measurements, Spo2 
readings increased while fiberoptic 5ao2 values decreased or remained the same. 
Within one minute after injection, Spo2 readings started to increase, reaching a 
maximum between one and two minutes. In three of the seven measurements the 
quality of the pulse oximeter signal dropped below 50% two minutes after the 
injection of adrenaline and the oximeter stopped displaying Spo2 values. In all 7 
measurements ac/dc of the red and infrared signals decreased between two-fold and 
seven-fold, reaching the lowest level between one and two minutes. The dc 
components of red and infrared signals did not show a consistent change; in some 
experiments the dc component of the signal increased, in other experiments it 
decreased. The change in the dc component of the signal was maximally 10%. No 
difference in the dc components of the signal could be observed in the one experiment 
which did not show a clear increase in 5po2 (the difference between 5p02 and 
fiberoptic 5ao2 was 2% before and 6% after injection). FHR ranged between 130 and 
185 beats/min before administration of adrenaline and rose to 240 to 285 beats/min 
after administration. 5po2 readings increased before FHR values exceeded 255 
beats/min. 
In Fig. 4.2.3, the results of the seven measurements in five fetal lambs are 
summarized. Before injection of adrenaline the difference between 5po2 and fiberoptic 
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Sao2 ranged from -9% to +10%. One to two minutes after injection the difference 
ranged from 6% to 37%. 
Discussion 
The usefulness of monitoring the fetus during labor with reflectance pulse oximetry 
will depend largely on whether a reliable estimation of the oxygen saturation can be 
obtained noninvasively and continuously. In the human fetus, arterial blood samples 
cannot be obtained to validate the Spo2 readings. We therefore used the fetal lamb to 
investigate the reliability of RPOX at low Sao2 levels. 
At these low Sa02 levels, a continuous reliable 5ao2 recording is desirable for 
comparison with the Spo2 recording because the course of the Sao2 cannot properly be 
followed by intermittent sampling. We therefore used a fiberoptic catheter and 
obtained a continuous Sao2 value. The fiberoptic system was calibrated off line with 
blood sample values to improve its accuracy for £ao2 values below 70%.14 The 
standard deviation of residuals of the fiberoptic oximeter ( < 3 %) is comparable with 
the standard deviation of residuals found in piglets over a SaC^  range of 15% to 100%. 
The overall accuracy of the fiberoptic system is less than the 1% absolute accuracy 
stated for blood sample analysis by multi-wavelength photometers. However, inclusion 
of pre-analytical sampling errors will result in an overall inaccuracy of multi-
wavelength photometers à 1% absolute. Considering the magnitude of the observed 
under- and overestimation of the 5ao2 by RPOX, the fiberoptic system has a 
satisfactory accuracy for this study. 
When the RPOX sensor was placed over a subcutaneous vein, the pulse 
oximeter underestimated the Sa02 by 16% to 28% at an 5ao2 level of 20% to 50%. 
This underestimation almost completely disappeared after coagulation of the vein. This 
finding is in agreement with our earlier study, showing that placing the sensor with the 
photodetector over the temporal artery in neonates and adults resulted in an 
underestimation of 6% to 8% of the 5ao2.15 The underestimation is, however, in 
contradiction with the simulation models which predict an overestimation as a result of 
increased blood volume7·8 instead of an underestimation. This discrepancy is hard to 
explain. In theoretical models homogeneous media are used which may not be 
applicable for the heterogeneous in vivo situation. The heterogeneity of the in vivo 
tissue may have a profound impact on the performance of RPOX as it can redistribute 
Chapter 4.2 85 
the light propagation. The theoretical models predict an overestimation of circa 25 % at 
a 25% Sao2 level, using 5% blood volume in the model instead of 1% blood 
volume.7,8 The magnitude of the effect is, both in the theoretical models as well as in 
our in vivo model, significant. Venous pulsations are reported to give an 
underestimation of the Sao2, for normal adult Sao2 values around 96% Sao2.16 We did 
not observe any pulsations of the subcutaneous vein but we cannot exclude this 
completely as it may have been present unnoticed. RPOX readings were, however, 
much lower than the fetal venous oxygen saturation values would have been. 
Vasoconstriction with adrenaline led to an overestimation of 5ao2. A complete 
recording could not be obtained in all experiments, but the direction of the change was 
the same in all experiments during the first two minutes after the injection of 
adrenaline. An overestimation was also occasionally observed in the course of our 
fetal lamb hypoxia experiments.13 We never observed an underestimation of Sao2 in 
the hypoxia experiments. Vasoconstriction leads to a decrease in blood volume and the 
overestimation of 5ao2 seems therefore to be in line with the other experiment in 
which an underestimation was observed by placing the sensor over the subcutaneous 
vein. 
We tried to elucidate our findings by analyzing the signals in detail. The 
prototype pulse oximeter has an autogain, which automatically increases its output to 
obtain sufficient signals. We therefore corrected all measurements for amplifying 
differences. One might expect that an increased blood volume mimicked by the 
subcutaneous vein would lead to an increase in scattering of light and therefore to a 
decrease in the dc components of the signals. Our dc components for both red and 
infrared signals decreased or did not change significantly after the subcutaneous vein 
was coagulated. After injection of adrenaline, an increase in the dc component of the 
signal was expected but no consistent changes were observed. The dc components of 
the signal remained unaltered or showed a small increase or decrease. All ac 
components for red and infrared signals decreased after injection of adrenaline as a 
result of vasoconstriction. Vasoconstriction will lead to a "centralization" of the blood. 
One might therefore hypothesize that, the effect of vasoconstriction will be more 
pronounced in the skin and upper layers of the subcutaneous tissue than in the lower 
layers of the subcutaneous tissue. Infrared light penetrates deeper in the tissue than red 
light, at low oxygen saturation, as the red light is significantly more attenuated by 
hemoglobin in the tissue. The effect of vasoconstriction on the ac component of the 
signal was larger for red than infrared light. A larger decrease in ac component of the 
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red light than in the ac component of the infrared light (dc components of the signal 
hardly changed) results in a lower red to infrared ratio and, hence, a higher Spo2 
value. 
A potential source of error may have been the high fetal heart rate after the 
injection of adrenaline. In some fetal lambs the heart rate increased to 285 beats/min, 
while the prototype pulse oximeter is only validated up to 255 beats/min. The pulse 
oximeter clips the fetal heart rate at 255 beats/min and does not display rates above 
this value. Despite this, we could not explain the overestimation as a result of the high 
fetal heart rate because all red and infrared pulses were still cardiosynchronized and 
the pulse oximeter had already started to overestimate the Sao2 before the FHR 
exceeded 255 beats/min. 
The RPOX system used in this study is empirically calibrated using blood 
sample Sao2 values over the total Sao2 range. The Spo2 values after coagulation of the 
vein, and before the administration of adrenaline are in the expected accuracy range of 
this RPOX system513 The same small difference in 5p02 values between head and neck 
measurements was also observed earlier." 
Explanations for incorrect 5po2 readings are often thought to be found in 
disturbing factors such as malpositioning of the sensor,17 improper data analysis,18 
caput succedaneum18·19 or excessive pressure on the sensor. These factors, however, 
were carefully avoided in this study. The sensors made an appropriate contact with the 
skin avoiding optical shunting of red and infrared light directly to the photodetector.17 
The pressure on the sensor was sufficient to keep the sensor in place and constant 
during the experiment. Compression of the circulation was carefully avoided. All the 
analyzed signals were based on cardiosynchronized and acceptable red and infrared 
pulses. 
Other reflectance pulse oximetry sensors have been developed and could 
possibly be used for intrapartum fetal monitoring, but their reliability has not yet been 
widely tested.6,20 It would be of interest to know whether these systems also show 
comparable results. 
In conclusion, placement of a reflectance sensor with the photodetector over a 
subcutaneous vein results in a substantial underestimation of the Sa02, while 
vasoconstriction may lead to a substantial overestimation of the Sa02. It seems 
therefore that, until further progress has been made in reliable systems, use of 
reflectance pulse oximetry for monitoring the fetus during labor should remain 
experimentally. Further development in theoretical models is desirable as 
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homogeneous media as used currently in these models may not hold for the 
heterogeneous media of in vivo tissue. 
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4.3 The effect of pulsating arteries on reflectance pulse oximetry: 
measurements in adults and neonates 
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Abstract 
Objective. The objective of our study was to describe the results from human 
experiments during normoxia that demonstrate the effect of pulsating arteries on the 
measured arterial oxygen saturation (5po2) using a reflectance pulse oximeter sensor. 
Methods. In 6 healthy adults and 7 healthy neonates, a Nellcor reflectance sensor (FS-
10 oxisensor, Nellcor Inc., Hayward, CA) was placed in three different positions: (1) 
on the forehead, (2) on the temporal area, with the photodetector placed over the 
superficial temporal artery, and (3) on the temporal area, with the Light Emitting 
Diodes (LEDs) placed over the superficial temporal artery. Results. Placement of the 
sensor in position 2 resulted in a significantly lower Spo2 reading, compared to sensor 
position 1: 5.8% (p<0.01) lower for adults and 7.5% (p<0.01) lower for neonates. 
Placement of the sensor in position 3 resulted in significantly larger Plethysmographie 
signals, compared to sensor position 1, but the Spo2 readings were alike. Conclusions. 
Pulsating arteries can affect the reliability of reflectance pulse oximetry. Depending on 
the position of the sensor, a falsely low Spo2 value can be observed. 
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Introduction 
Transmission pulse oximetry has become a standard method for monitoring the arterial 
oxygen saturation (Sao2) continuously and noninvasively in anaesthesia and intensive 
care units. Tissue is transilluminated by red (R) and infrared (IR) light; from the 
alternating forward-scattered light intensities caused by the pulsating blood volume in 
the tissue, an red to infrared ratio is calculated.1,2 This red to infrared ratio is 
empirically calibrated with sample Sao2 values.1·2 Sensor application with transmission 
pulse oximetry is possible in limited areas of the body, such as the finger tip, earlobe 
or toe, and in the foot or palm in neonates. 
With the development of reflectance pulse oximetry, 5ao2 can also be estimated 
from the backscattered light.3 The skin is transilluminated by the light source and the 
pulsatile signals are obtained by a photodetector, which is sited adjacent to the light 
source. These reflectance sensors can be placed on almost all parts of the body where 
sufficient signals can be detected and can be placed on a central position, such as the 
forehead or the temple, when the peripheral circulation is diminished. The reflectance 
sensor can also be used for intrapartum fetal monitoring, placing the sensor on the 
cheek or temporal area of the fetus during labor.4 
When the sensor is placed coincidentally over an artery, large Plethysmo-
graphie waveforms can be expected. In studies with fetal lambs with the reflectance 
sensor placed over a visible subcutaneous artery or vein, we observed that the oxygen 
saturation estimated by pulse oximetry (Spo2) was lower than the sample 5ao2 value 
(chapter 4.2). However, the physiological 5ao2 values in the fetus are below 70%; it is 
not known whether superficial vascular structures also affect the reliability of pulse 
oximeter readings after birth, when normal Sao2 values are near 100%. The purpose 
of this study was to investigate whether pulsating arteries can affect reflectance pulse 
oximetry in healthy human adults and neonates. 
Materials and methods 
After informed consent had been obtained, 6 healthy volunteers (aged 25 to 40 years; 
4 women, 2 men) took part in the study, as well as 7 healthy neonates (aged 1 to 13 
days postpartum, 3 boys, 4 girls). An FS-10 reflectance sensor and a prototype N-400 
oximeter are used in this study (Nellcor, Inc., Hayward, California). The FS-10 
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reflectance sensor was developed for fetal monitoring. The sensor consists of two 
LEDs, one for red (660 nm) and one for infrared light (890 nm), and one 
photodetector, which is placed 10 mm from the LEDs.4 The N-400 oximeter is 
provided with an algorithm derived from measurements made on healthy adults for an 
Sao2 range of 51% to 100% and for a range of 10% to 50% with measurements on 
fetal sheep, compared to 5ao2 values measured with a СО-Oximeter (IL282R/IL482R, 
Instrumentation Laboratories). 
The sensor was placed and fixed by an elastic band, without applying excessive 
pressure to prevent compression of circulation. The sensor made appropriate contact 
with the skin, preventing direct shunting from red and infrared light to the 
photodetector. The sensor was placed in three different positions: (1) on the forehead 
above the right or left eye; (2) on the temporal area, with the photodetector over the 
superficial temporal artery (or the frontal branch of the superficial temporal artery); 
and (3) on the temporal area, with the LEDs over the superficial temporal artery. The 
temporal artery was located by palpation and the LED-detector axis of the sensor was 
placed perpendicular to the artery, in front of the ear. 
In the adults measurements were performed in a resting position. The neonates 
were measured while in a quiet sleep state; after nourishment between 10:00 and 
11:30 am or between 2:00 and 3:00 pm. All measurements were made at a room 
temperature of around 22°C. After a control period of 2 min, 2 min of signals were 
collected, after which the sensor was removed. The reflectance sensor was connected 
to the N-400 pulse oximeter and a personal computer. Signals were analyzed off line. 
The Plethysmographie waveforms were visually verified to ascertain that red and 
infrared peak and trough were adequate and in phase with each other. Red and 
infrared signals were sometimes shortly disturbed by movement artifacts, resulting in 
incorrect red and infrared values. Therefore, a 10-s period without such artifacts was 
selected from the collected 2 min, and these 10 s were used for further analysis. For 
each heartbeat, the minimum and maximum value of the red and infrared signals were 
used to calculate percentage ac/dc of red and infrared (=ac-amplitude/dc-level) and 
red to infrared ratio [=(ас
к
Мс„)/(ас
т
Ліс
к
)]. All calculations were performed for each 
heartbeat separately, after which the data were averaged over 10 s. Spo2 output of the 
N-400 was averaged over the same period. 
The N-400 pulse oximeter uses a scoring system for signal quality, based on 
multiple factors, such as pulse synchrony and pulse amplitude. For this study the 
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quality of the recordings is expressed as a percentage of the maximum obtainable 
score. 
The results were analyzed using Student's paired f-test, for 5p02 and ratio red 
to infrared. For the other parameters, the Wilcoxon's signed rank test was used. 
Placement of the sensor on the forehead was compared with placement of the sensor 
with photodetector over the temporal artery or placement of the sensor with LEDs 
over the temporal artery. The measurements are displayed as mean (SD); p<0.05 was 
considered significant. 
Results 
Adults 
After a few seconds a reliable signal could be obtained in all three positions. In each 
position, the intra-individual range of the 5po2 during the 4-min period was 2%. In all 
recordings, a 10-s period could be analyzed with a signal quality near the maximum 
score. Heart rate did not change during the measurements in the 6 subjects. 
Table 4.3.1. Mean (SD) of SpOj and signal quality of N-400 pulse oximeter; calculated values of 
percentages ac/dc and red to infrared ratio, of 6 adults in 3 positions. 
Forehead Photodetector on LEDs on 
temporal artery temporal artery 
SpOj N-400 oximeter (%) 99.8(0.4) 94.0(1.3)** 99.2(1.0) 
mean difference (%) 5.8 (1.0)** 0.7 (1.2) 
signal quality (%) 99.8 (0.4) 99.3 (1.6) 99.6 (1.1) 
percentage ac/dc-R 0.75 (0.41) 0.94 (0.43) 1.61 (0.29)1 
percentage ac/dc-IR 1.49 (0.83) 1.38 (0.69) 3.02 (0.50)1 
R to IR ratio 0.50 (0.03) 0.68 (0.04)** 0.53 (0.05) 
** p<0.0l. Student's paired f-test. 
1 p< 0.05, Wilcoxon's signed rank test. 
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When the photodetector was placed over the artery, the pulse oximeter measured a 
significantly higher red to infrared ratio and, hence, a significantly lower Spo2 
(p<0.01, Student's paired f-test). The oximeter read 5.8% (1.0) lower, compared 
with placement of the sensor on the forehead (Table 4.3.1). The percentages ac/dc-R 
and ac/dc-IR light showed no significant change. 
Placement of the LEDs over the artery led to a significant rise in percentages 
ac/dc-R and ac/dc-IR light (p<0.05, Wilcoxon's signed rank test), compared to 
placement of the sensor on the forehead. However, the red to infrared ratio and the 
Spo2 were not statistically different. 
Neonates 
In one neonate, it was not possible to obtain a reliable signal, because of its restless 
state. In the other 6 neonates, a reliable signal could be obtained within a few 
seconds. The intraindividual range of Spo2 was 3%, during all measurements. Heart 
rate did not change. Placement of the sensor over the artery was slightly more difficult 
than in the adults because we did not want to disturb the sleep state. 
When the photodetector was placed over the temporal artery, the red to 
infrared ratio was significantly higher and the measured Spo2 was subsequently lower, 
compared with the forehead position (Table 4.3.2). 5po2 decreased from 99.7 to 
92.2% (p<0.01, Student's paired Mest). The percentage ac/dc-R was significantly 
larger (p<0.05, Wilcoxon's signed rank test). For infrared light it was larger in 5 
subjects, but this difference was not significant. 
With the placement of the LEDs over the artery, the percentages ac/dc-R and 
ac/dc-IR were significantly larger (p<0.05, Wilcoxon's signed rank test), compared 
with placement on the forehead. The red to infrared ratio did not change significantly; 
but, the mean 5po2 decreased from 99.7 to 98.5 when the LED was moved from the 
forehead to the temporal artery, respectively. 
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Table 4.3.2. Mean (SD) of Spo2 and signal quality of N-400 pulse oximeter; calculated values of 
percentages ac/dc and red to infrared ratio, of 6 neonates in 3 positions. 
Forehead Photodetector on LEDs on 
temporal artery temporal artery 
SpOi N-400 oximeter (%) 99.7(0.8) 92.2(1.9)** 98.5(1.4) 
mean difference (%) 7.5 (1.9)** 1.2 (0.8)* 
signal quality (%) 100.0 (0.0) 98.0 (4.9) 96.5 (8.6) 
percentage ac/dc-R 0.30(0.13) 0.77(0.57)1 0.59(0.46)1 
percentage ac/dc-IR 0.57 (0.28) 1.07 (0.85) 1.10 (0.87)1 
R to IR ratio 0.53 (0.04) 0.74 (0.06)** 0.54 (0.06) 
** ρ < 0.01, Student's paired f-test. 
* p< 0.05, Student's paired r-test. 
1 p< 0.05, Wilcoxon's signed rank test. 
Discussion 
This study shows that pulsating arteries affect the reliability of reflectance pulse 
oximetry during normoxia, depending on the position of the sensor over a superficial 
artery. The Spo2 values measured on the forehead are in the expected normal range, 
as well for the adults as for the neonates. When the sensor was placed with the LEDs 
over the artery, we found that the Spo2 was around 1 % lower than when measured on 
the forehead; this is clinically not relevant. However, when the sensor was placed with 
the photodetector over the artery, the oximeter read 6% to 7% too low, which can be 
falsely interpreted as hypoxia. 
Several factors may influence the Spo2 reading. First, a transient decrease in 
Sao2 can occur during the experiment. However, the observed difference in Spo2 can 
not be expected to be due to a transient drop in 5ao2, since all 12 subjects breathed 
steadily. Furthermore, the intraindividual range of the 5po2 in the 4 min was within a 
range of 3% and did not decrease or increase during this period. Second, 
malpositioning of the sensor can cause a falsely low 5p02 reading. Underestimations of 
the oxygen saturation in case of light shunting was shown by Gardosi et al5 for 
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reflectance sensors. In this study, special attention was paid to a proper contact of the 
sensor with the skin. It is therefore not likely that our results can be explained by 
shunting of light. Finally, the N-400 oximeter is developed as a possible monitoring 
device for the fetus during labour. The coefficients a and b of the relation: 
Sao2 = a · ratio + b 
are usually experimentally derived for a saturation range of approximately 70-100%, 
by measuring blood sample Sao2 with a СО-Oximeter and measuring the red to 
infrared ratio by a pulse oximeter. The coefficients used in the N-400 are based on 
measurements in adults and in fetal sheep over a much wider range (10% to 100%). 
The difference of 5% to 7% between Spo2 on the forehead and with the photodetector 
over the temporal artery, as measured with the N-400 in its present form, would also 
have been measured if this oximeter was only calibrated for a 70% to 100% Sao2 
range. 
Although other reflectance pulse oximetry sensors have been developed, these 
sensors have not yet been widely tested for their accuracy. Mendelson et al3·6 have 
developed a reflectance probe of their own design and have reported satisfactory 
monitoring. Severinghaus et al7 evaluated three experimental reflectance pulse 
oximeters (Criticare, Datex and Kontron) which were placed on the forehead. The 
accuracy of these oximeters was comparable or better than the transmission sensors 
with the same instruments during profound hypoxia in healthy adults. However, Cheng 
et al8 reported that the Criticare reflectance sensor was less satisfactory than the 
transmissions sensor in critically ill patients. Decker et al' used a Simed forehead 
sensor; they also found that it was less accurate and more prone in failing to detect a 
signal, in comparison with a transmission sensor. 
Placement of the photodetector over the temporal artery increased the 
percentage ac/dc-R more than the percentage ac/dc-IR light. This results in a higher 
red to infrared ratio and, hence, a lower 5po2 value. When the sensor was placed with 
the LEDs over the superficial temporal artery, there were also significantly larger 
percentages ac/dc. However, the relative increase was equal for red and infrared light; 
the red to infrared ratio and the 5p02 reading remained the same. It is not clear 
whether the increased ratio is due to the red light or to the infrared light. Not much is 
known about the paths of red and infrared light through tissue. As infrared light 
penetrates more deeply than red light,10 the paths of the two wavelengths transverse 
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different tissue compartments, which can lead to a different absorbance. The fact that 
placement over the temporal artery in the two positions did not lead to the same 
results can possibly be explained by assuming that the paths of red and/or infrared 
light from LEDs to photodetector are not the same for position 2 and 3. The LEDs are 
much smaller (about 1 mm2 placed under a window of 30 mm2) than the photodetector 
(30 mm2). 
For the relation of Sao2 and red to infrared ratio, a theoretical model, which 
incorporates the effects of multiple scattering," shows that factors such as flow rate, 
haematocrit, blood content and pulsatility have only little effect (1% to 3.3%) in 
clinical situations for adults and neonates with an Sao2 of more than 70%. Scattering 
of photons due to a greater blood volume would result in a deviation of 1% or 2% 
percent, smaller than the difference we observed in our experiments. From the 
multiple scattering model, it can be seen that at Sao2 values lower than 70%, which is 
normal for a fetus, deviations will be much larger. De Koek and Tarassenko12 have 
shown, with in vitro measurements and using transmission pulse oximetry, that 
changing of the blood content had no influence above a Sao2 of 50%, but deviations 
increased below a Sa02 of 50%. 
In summary, placement of a reflectance sensor with the photodetector above a 
superficial artery results in falsely low Sp02 readings. Reflectance pulse oximetry can 
be a possible alternative when conventional transmission pulse oximetry is hampered. 
More studies, however, have to be performed to gain insight in the light paths of red 
and infrared light in tissue and to determine the accuracy and reliability of reflectance 
pulse oximetry. 
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4.4 Transmission pulse oximetry in the fetal lamb; 
is there a universal calibration? 
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Abstract 
Transmission pulse oximetry is widely used for oxygen monitoring. The use of pulse 
oximeters is steadily expanding toward situations with low arterial oxygen saturation 
(Sao2) values. Therefore, we evaluated transmission pulse oximetry in the 
unanesthetized fetal lamb at low Sao2 levels. In 7 fetal lambs, fetal hypoxemia was 
induced by stepwise occlusion of the maternal common iliac artery, four days after the 
instrumentation of the animal. Two Nellcor prototype transmission Y-sensors (light 
emitting diodes: 660 ran and 890 ran) were applied, one around a forelimb muscle and 
one around a skinfold in the neck, and were connected to Nellcor pulse oximeters. 
The pulse oximeter was calibrated for the skin measurements. Pulse oximeter oxygen 
saturation readings (Spo2) were compared with sample Sao2 values, over an Sao2 range 
of 13% to 63%. For the neck sensor the standard deviation of the difference was 
5.0% (n=101). For the muscle sensor the mean difference was 19.5% and the 
standard deviation of the difference was 5.9% (n=206). Regression analysis showed a 
different calibration line for the muscle sensor with the equation: 
5po2 =0.92-Sao2 + 21.90. Continuous recordings were obtained both from the 
forelimb muscle and from the neck, but the recordings from the neck showed a 
substantial loss of signal during the hypoxemia period. We conclude that transmission 
pulse oximetry is less accurate below an Sao2 of 70% in fetal lambs than above 70% 
5ao2. At these low levels of 5ao2, pulse oximeters may need to be constructed with 
different calibration lines for various application positions of the body. 
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Introduction 
Transmission pulse oximetry (TPOX) is a precise method used for the continuous 
monitoring of arterial oxygen saturation (SaOj in neonates, older infants and adults, 
mostly in a Sa02 range of 70-100%.17 The pulse oximetry sensor most commonly used 
contains 2 light emitting diodes (LEDs) and a photodetector. The LEDs transmit red 
and infrared light through the tissue. The photodetector which detects the light is 
placed on the opposite side of the tissue. The oxygen saturation can be estimated from 
the alternating forward scattered light intensities, caused by the pulsating blood 
volume in the tissue.7 
Only a few studies have determined the accuracy of TPOX below 70% Sacv It 
is unethical to perform controlled studies of induced severe hypoxemia in humans. 
However, some studies have been performed on human volunteers with 5ao2 levels 
between 40% and 100%, but the low Sao2 levels were not stable.8·9 In vitro models 
have been developed,10 but these models often use homogeneous media, which is a 
simplification of the heterogeneous medium of skin and underlying tissue structures. 
Animal models are therefore used to estimate the accuracy of TPOX for low Sao2 
values. These animal experiments showed a decreasing accuracy of TPOX for low 
5ao2 values.11"13 In two of those studies11·12 the same sensor/oximeter combination was 
used, as well as the sensor position and species. A substantial difference in the 
accuracy was observed.11·12 In all those studies commercial pulse oximeters were used 
with a calibration algorithm derived from experiments in healthy adults in an 5ao2 
range from 70% to 100%. This algorithm can probably not be extrapolated to lower 
5ao2 values. Furthermore, commercial sensors often have small differences in spectral 
characteristics, which may influence the calibration below 70%.14 
Although TPOX is not explicitly validated at low Sao2 levels, the use of this 
technique is steadily expanding toward situations in which the Sao2 is below 70%: 
during labor,13,16 in the delivery room immediately after birth17"19 and for the early 
detection of respiratory depression.20 Fetal 5ao2 values are predominantly below 70%. 
Although experimental fetal monitoring is mostly done with reflectance pulse 
oximetry, the reliability of this method is still questionable,21 and registrations during 
labor often show a substantial loss of signal.16 TPOX might be a possible alternative.22 
It is therefore important to conduct more studies to validate TPOX below a Sac^ of 
70%. 
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In this study we set out to determine the accuracy of TPOX below 70% 5ao2 in 
the unanesthetized fetal lamb. Hypoxemia was induced by occluding the maternal 
blood flow to the uterus. Since the calibration of TPOX is sensitive to small 
differences in wavelengths between sensors, we used TPOX sensors with identical 
spectral characteristics (LEDs: 660 nm and 890 nm) and prototype oximeters 
developed for small fetal pulses. 
Methods 
Surgery. For this study we used 7 pregnant ewes of the Dutch Texel breed between 
119 and 126 days of gestation (term 147 days). Food and water supply before and 
after surgery were given according to the rules of the animal laboratory. Anesthesia 
was induced with 30 mg/kg pentobarbital with 0.5% atropine intravenously and was 
maintained with 2.0% enflurane in a 2:1 mixture of nitrous oxide and oxygen, 0.5 
1/min of each (closed system ventilation, Engström ER 300 respirator, Bromma, 
Sweden). ECG and heart rate of the ewe were monitored, and the temperature was 
kept constant by placing a thermostatic heating pad underneath the animal. 
The abdomen was opened through a paramedian incision, after which the uterus 
was temporarily lifted out of the pelvis and covered with soaked gauzes. The 
peritoneum was opened over the trifurcation of the aorta into the common internal 
iliac artery and the external iliac arteries. A flexible inflatable occluder (diameter 8 or 
10 mm, Rhodes Medical Instruments, Woodland Hills, CA) was placed around the 
common internal iliac artery and an electromagnetic blood flow sensor (diameter 3.5, 
4 or 4.5 mm with slot cover, Skalar, Delft, The Netherlands) was placed around the 
internal iliac artery leading to the pregnant horn. The uterus was then returned to the 
abdomen. 
The fetal lamb was approached by hysterotomy above the fetal head. Three 
ECG electrodes were sutured subcutaneously on the sternum, right shoulder and left 
side in the neck. Polyvinyl catheters (inner diameter 0.8 mm, outer diameter 1.6 mm) 
were inserted into a carotid artery, a jugular vein and the amniotic cavity. A left 
forelimb was exteriorized and a muscle was prepared. A TPOX sensor (prototype, 
Dura Y-sensor*. Nellcor Inc., Pleasanton, CA) was placed in a stainless steel support 
around the muscle leaving 7 mm of space between the LEDs and the photodetector.23 
A second TPOX sensor was placed around a skinfold left or right in the neck, 
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contralateral to the catheterized carotid artery. The uterus was then closed and all 
electrodes and catheters were exteriorized through a skin incision in the ewe's flank 
and packed into a pouch on the ewe's back. Before the skin was closed 106 IU of 
penicillin was administered into the peritoneal cavity. A maternal pedal artery was 
catheterized. 
On the day of operation and during the recovery period antibiotics were 
administered daily: streptomycin, 5 mg intramuscularly to the ewe; ampicillin, 125 mg 
intravenously to the fetus and ampicillin, 125 mg into the amniotic cavity. Catheters 
were kept open by continuous infusion of heparinized saline (5 IU/ml at 1 ml/h). After 
four days of recovery, experiments started with the ewe placed in a stall and having 
free access to water and food. The experiments were approved by the local ethical 
committee for animal research. 
Experiments. Measurements of TPOX were obtained during a study in which 
the uteroplacental blood flow was stepwise reduced by occluding the common iliac 
artery. After a 1-hour baseline period, the blood flow was reduced to achieve 5ao2 
levels of 30-40% or below 30%. Each Sao2 level was maintained for at least 1 hour. 
Fetal arterial blood samples for blood gases and pH were taken at 7.5-min intervals 
and for 5ao2 at 30-min intervals and after each reduction in blood flow. Samples were 
taken during a stable period of pulse oximeter oxygen saturation display (Sp02). The 
recovery period started when the pH in the blood sample had fallen to around 7.15 
and lasted until baseline levels for pH were reached again. At the start of the 
experiment and at the end point of hypoxia, fetal arterial blood was collected for 
measurement of epinephrine, norepinephrine, dopamine and Cortisol levels (3 ml). 
Total blood loss was estimated to be within 10% of the total blood volume. Data for 
the relation between SaOj and other physiological parameters are published 
elsewhere.24 In this study restriction is made to fetal lambs in which TPOX sensors 
were applied both to the muscle and to the skin. At the end of the experiment, the 
fetus was sacrificed and the fetal instrumentation was verified. 
Data analysis. The TPOX sensor used in this study was a prototype of the 
Dura Y-sensor* (Nellcor, Ine). All sensors were selected to have identical spectral 
characteristics. The sensor contains two LEDs which emit peak wavelengths of 660 
nm (red light) and 890 nm (infrared light), a photodetector, and has a shielded wire to 
reduce noise. The red LED has almost 0% secondary emission (see below). The 
TPOX sensors were connected to prototype pulse oximeters (Nellcor Inc., Pleasanton, 
CA), which are developed for measurements of small pulses. We placed the sensor in 
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a stainless steel support to reduce motion effects.23 The ECG electrodes were 
connected to an amplifier. The ECG-signal was filtered and passed to the oximeters 
and was used to cardiosynchronize the red and infrared signals (C-Lock; Nellcor Inc.). 
In this study the quality scale of the pulse oximeter was used. The signal quality is 
defined by a scale of 0% to 100%. The calculated value is based on various factors 
such as pulse amplitude, synchrony of red and infrared waveform and synchrony with 
the fetal ECG. Spo2 values were only accepted if the quality of the signal was more 
than 50%. The failure rate (=time no Spo¡ display/total registration time) was 
calculated. The fetal blood samples were analyzed within 5 minutes to obtain Sao2 
(Instrumentation Laboratories IL482*, Lexington, MA), pH and blood gases 
(Instrumentation Laboratories IL1312*, Lexington, MA). The Sao2 values were 
corrected for fetal sheep blood.25 The results of pH and blood gases were corrected to 
39 °C. 
Statistics. The pulse oximeter was provided with a calibration based on 
measurements with a reflectance sensor in healthy adults (5ao2 range 50% to 100%) 
and fetal sheep (5ao2 range 10% to 50%). This calibration might not be optimal for 
TPOX. We therefore estimated a calibration line with a 95% prediction interval (linear 
regression least square) for the skinfold measurements in the present experiments. This 
calibration line was also used for the muscle measurements. 
For comparison of two systems measuring the same quantity, with an unknown 
true value, calculation of the bias and precision is proposed as a measure for the 
accuracy.26 The bias is defined as the mean difference between the measurements by 
the two systems and the precision as the standard deviation of the differences. In our 
measurements the sample 5ao2 value is regarded as the "gold standard" or true value. 
The standard deviation of residuals (SDres is also called standard error of estimate) is 
therefore a good estimation of the random error of the pulse oximeter. The precision 
will be equal to the SDres if the bias is zero. 
From all paired measurements, the mean difference between Spo2 and sample 
5ao2, the precision and the Pearson correlation coefficient were calculated. Linear 
regression analysis (least square method) was used to calculate the calibration line and 
the SDres. Calculations were performed for the transmission sensor around the muscle 
and the skinfold separately. The regression analysis was also performed for all fetal 
lambs separately. Significance was held at a^-value< 0.05. 
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Results 
Baseline values for Sao2 ranged from 29-63% with corresponding Po2 values of 14-22 
mmHg. All animals started with a pH S 7.36 in the baseline period. 
Fig. 4.4.1 illustrates an example of an experiment with partial occlusion of the 
maternal blood flow (marked period), 4 days after the operation at 131 days gestation. 
Blood sample 5ao2 values were measured intermittently and two TPOX sensors 
measured the Spo2 continuously. The muscle sensor yielded higher Spo2 values than 
the skin sensor. No 5po2 display was obtained around the lowest point of pH for the 
skin sensor. Both tracings showed considerable fluctuations which often did not 
coincide. The fluctuations were more pronounced in the recovery period. 
80 
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Figure 4.4.1. 
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Experiment with period of partial occlusion of the maternal blood flow. Upper Sp02 
tracing of the TPOX sensor around a forelimb muscle (bold line), lower 5рОг tracing 
of TPOX sensor around double layer of skin (broken line) and 5aO¡ samples ( • ) . pH 
values during the experiment are given above the tracing. 
For the TPOX around the skinfold, 101 simultaneous measurements of 5ao2 and 5po2 
were made over a total Sa02 range of 14-63% (Fig. 4.4.2). The precision and the SDres 
were 5.0%, the Pearson correlation coefficient was 0.93. For the TPOX sensor around 
the muscle of the forelimb, 206 5p02 and 5a02 measurements were made (Fig. 4.4.2). 
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All Spo2 values were above the line of identity in the SaOj range 13-63%. The bias 
was 19.5% and the precision was 5.9%. The calibration line gave the equation: 
SpO2=0.92-SaO2 + 21.90 (SDrM=5.8%, Pearson r=0.89). Only 7% of all 
measurements with the TPOX around the muscle fell within the 95% confidence 
interval of the skinfold measurements (Fig. 4.4.2). 
Sp02 (%) 
20 40 60 80 
Blood sample Sa02 (%) 
100 
Figure 4.4.2. Sao, measured by the multiwavelength oximeter against the 5p02 values; • = TPOX 
around skinfold with 95% prediction interval, • =TPOX sensor around forelimb 
muscle, bold line = regression line for TPOX around forelimb muscle: 
Spo2=0.92 · SaOj + 21.90 . Broken line is line of identity. 
Individual calibration lines differed substantially between animals (see example in Fig. 
4.4.3). The SDrra for individual calibration varied between 1.9% and 5.7% with a 
median value of 3.5% for the muscle and between 1.8% and 3.7% with a median 
value of 3.0% for the skinfold. 
The total registration time per experiment ranged between 250-465 minutes. 
The main failure rate for the TPOX sensor around the forelimb muscle was 5% (range 
1% to 10%) regardless of baseline, hypoxemia or recovery period. For the TPOX 
sensor around the skinfold the mean failure rate was 37% (range 16% to 63%). 
Failure rate differed for the baseline, hypoxemia and recovery period. During the 
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hypoxemia period the amplitude of the Plethysmographie waveforms started to 
decrease and the pulse oximeter stopped displaying SpOj values. Mean value for pH at 
that moment was 7.31 (range 7.20-7.35). During the recovery period the pulse 
oximeter started again to display 5po2 values at a pH value of 7.23 (range 7.20-7.34). 
Sp02 (%) 
80 
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Blood sample Sa02 (%) 
Figure 4.4.3. SaQj measured by the multiwavelength oximeter against the 5po2 values, for the 
TPOX sensor around a forelimb muscle in two fetal lambs. The figure shows the 
difference between individual calibration lines. Broken line is line of identity. 
Discussion 
Continuous and accurate assessment of arterial oxygenation is important in clinical 
management of critically ill or anesthetized patients and could be useful in monitoring 
the fetus during labor. Commercial transmission pulse oximeters have shown to be 
devices with a reported precision within 3%, for Sao2 values between 70% and 
100%.17 Below an Sao2 of 70% some accuracy studies have been performed in 
humans with oxygen saturation levels as low as 40-70%.8,9 Various pulse oximetry 
systems were tested, all proved to be less accurate at low Sao2 levels.8·9 However, in 
these studies low saturation levels were only provoked for a very brief period. Low 
levels of saturation were not stable at the moment of measurement, which may have 
resulted in a less reliable estimation of the accuracy. Since controlled studies at these 
low levels are unethical to perform in humans, animal models provide adequate 
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alternatives. Moreover, light absorption characteristics for hemoglobin in the spectral 
range used have shown to be similar for different mammals121Э and do not affect the 
results, nor does fetal hemoglobin.27 We therefore investigated the performance of 
transmission pulse oximetry in the fetal lamb. 
Since none of the commercial oximeters is constructed for these low Sao^ 
levels, we used a prototype pulse oximeter. Commercial pulse oximeters use a 
calibration line based on measurements in human volunteers with 5ao2 values above 
70%, which cannot be extrapolated towards lower Sao2 values. Furthermore, 
commercial pulse oximeters sometimes stop displaying oxygen saturation values below 
50%. The prototype pulse oximeter has been constructed as a possible monitoring 
device for the fetus during labor and has the advantage that it is more sensitive to the 
small fetal pulses. The incorporated calibration line in the pulse oximeter is based on 
fetal sheep scalp measurements (Sao2 range 10% to 50%) and measurements in human 
adults (5ao2 range 50% to 100%) with reflectance pulse oximetry. Although the Spo2 
readings based on this incorporated calibration did not differ much for the skinfold 
measurements (the bias would have been -0.6% for skinfold measurements), we 
calibrated the pulse oximeter for TPOX using the skinfold measurements of the 
present experiment. The prototype Y-sensors differed from the commercial Dura Y-
sensors* (Nellcor, Inc.) and Oxibands* (Nellcor, Inc.) with respect to the spectral 
characteristics. All the prototype Y-sensors were constructed with identical red and 
infrared LEDs. The emission from the red LED showed a single peak at 660 nm and 
did not show an additional small emission peak of a second wavelength. The presence 
of secondary emission does not influence the accuracy at high Sao2 values, but may be 
of importance at low 5ao2 values.
14
 In commercial sensors this secondary emission is 
often present.14 
For the sensor around the skinfold, 5po2 readings reflected the blood sample 
Sao2 values fairly well in all registrations, with a precision of 5.0%. For the forelimb 
muscle, we found a completely different calibration line for the relationship between 
5ao2 values and SpOj readings, with an average bias of 19.5%. The random error for 
the muscle sensor was slightly higher than for the skin sensor. The effect of the 
stepwise occlusion could be clearly observed in all registrations. However, alongside 
the period of desaturation, fluctuations in the Spo2 readings were also present (Fig. 
4.4.1). These fluctuations in 5po2 may be the result of physiological saturation 
fluctuations or technical artifacts. The distinction between the two possibilities is 
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difficult and therefore measurements were only taken during a stable period of 5po2 
values. 
The random error of the pulse oximeter is a valid measure, to compare our 
results with other animal studies. The bias as a measure for the underestimation or 
overestimation of the Sao^ by the pulse oximeter is less suitable for a comparison, 
since the calculation is dependent upon the calibration line incorporated in the pulse 
oximeter. A random error of around 5 % is comparable with the results of Sendak et 
al12 in dogs. They placed the sensor around the dog's tongue and found a precision of 
4.2% between 22-100% Sao2, but the precision was only half as good between 8% 
and 22% Sao2.12 Other experimental studies in dogs11 and rabbits13 reported even 
worse results for the accuracy of TPOX at SaQj levels below 70%. 
To our knowledge, this is the first time that simultaneous measurements at two 
sites in an in vivo model, resulted in a difference in calibration lines. The forelimb 
muscle had proven to be a good place for continuous saturation recordings in earlier 
studies.23 Both the skinfold in the neck and the forelimb muscle are provided with 
preductal blood (above the ductus arteriosus). 
Several explanations for the difference between muscle and skinfold calibration 
lines can be raised. Firstly, malpositioning of the sensor can cause unreliable Spo2 
readings. A falsely low or high 5po2 reading was shown by Barker et aP due to 
shunting of light from the LEDs directly towards the photodetector. In this study we 
verified fetal instrumentation after the experiments. All sensors made proper contact 
with the tissue. For the TPOX sensor around the muscle, the sensor was completely 
fixed by the recovered muscle tissue. It is therefore unlikely that this shunting of light 
can explain our results. Secondly, the tissue of skin and muscle is very different with 
respect to the amount of myoglobin. Myoglobin is a chromophore and has extinction 
coefficients in the same spectral range as hemoglobin, which may result in differences 
in absorption of red and infrared light. It is expected that only oxymyoglobin will be 
present in the measured Sao2 range, since myoglobin unloads oxygen at a very low 
Po2.29 The pulse oximeter only uses the red to infrared pulsatile changes of the blood 
volume for the estimation of the Sac>2 and it can hardly be expected that myoglobin 
would show cardiosynchronous changes in absorption. Finally, the difference in blood 
content. Muscle tissue contains much more blood than skin tissue. Theoretical models 
which incorporated the effects of multiple scattering and absorption30 predicted that, 
due to increased blood volume, the pulse oximeter overestimates the SaOj below 70%, 
which agrees with our results. Unpreventable differences in the amount of tissue 
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between LEDs and photodetector between animals, and therefore in blood content, 
may be an explanation for differences in calibration lines between animals. Differences 
in myoglobin concentration31 and tissue structure may also have an influence on the 
scatter and absorption characteristics, which influence the accuracy of TPOX pulse 
oximetry at low SaOj values. These scatter and absorption characteristics will probably 
change under hypoxic conditions, as blood flow to the skin and carcass decreases.32 
Clinicians should therefore be aware that applying sensors around different 
tissue structures; e.g. foot, hand, achules tendon, nose or ear may reveal differences 
in calibration below a Sao2 of 70%. Although in neonatal practice pulse oximeters are 
mostly used to monitor the Spo2 trend above 70% saturation, systematic differences 
may be hazardous for fetal monitoring because fetal oxygen saturation values are 
predominantly below 70%. In fetal lamb hypoxemia studies, the application of the 
TPOX sensor around the skinfold was not suitable since, during prolonged hypoxia, 
the oximeter failed to display Spo2 values due to a diminished skin blood flow. For the 
sensor around the forelimb muscle, continuous Spo2 recordings were obtained, also 
during prolonged hypoxemia. The accuracy of the general calibration line was 
moderate but could be improved substantially by taking individual calibration lines 
which has a disadvantage that many blood samples are needed. 
In conclusion, transmission pulse oximetry is fairly accurate in fetal lambs 
below a Sao2 of 70%. At these low levels of Sao2, pulse oximeters may need to be 
constructed with different calibration lines for various application positions on the 
body. More studies are therefore needed for the development of accurate pulse 
oximetry systems for a low Sao2 range. 
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4.5 How reliable is reflectance pulse oximetry? 
A study in piglets 
Roel Nijland, Henk W. Jongsma and Jan G. Nijhuis 
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Abstract 
Objective. Reflectance pulse oximeters using sensors with light emitting diodes of 660 
and 890 nm, are used for intrapartum fetal surveillance. We compared the 
measurements obtained with the 660/890 nm sensor as well as a new prototype 
735/890 nm sensor with blood sample arterial oxygen saturation values. Study design. 
In 6 piglets (age 6-14 weeks), two different RPOX sensors (Nellcor Inc., Pleasanton, 
CA, USA) were taped to shaved skin left and right of the groin of each animal. 
Desaturation levels were obtained by changing the gas mixture of 02/N20 via a 
tracheal catheter. Results. The 660/890 nm sensor was shown to produce results 
incompatible with the blood sample values in 2 of the 6 piglets. The new 735/890 nm 
sensor, however, produced accurate measurements down to 25% arterial oxygen 
saturation in all 6 piglets. Conclusion. Conclusions about the fetal condition based on 
fetal pulse oximeters employing 660 nm should therefore be interpreted with care. The 
new 735/890 nm sensor shows promising results. 
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Introduction 
Accurate assessment of the fetal condition during labor is a major problem in clinical 
obstetrical practice. The most commonly used method of intrapartum fetal surveillance 
is cardiotocography. Recently, reflectance pulse oximetry (RPOX) was investigated for 
intrapartum fetal surveillance.1"3 This method estimates the arterial oxygen saturation 
(5ao2) continuously and noninvasively. Before clinicians can rely on this technique, 
RPOX requires careful validation. Validation cannot be performed in the human fetus 
because arterial blood samples cannot be obtained. The human adult is not a suitable 
subject either, since normal fetal Sao2 values are mainly below 70% and it is unethical 
to subject adults to such low saturation levels. The calibration and evaluation of fetal 
RPOX is therefore mostly done in animal models. Most clinical studies have used 
RPOX sensors with light emitting diodes (LEDs) of 660 and 890 (or 940) nm 
wavelength. Although the accuracy of these sensors seemed promising,4"6 we found 
significant inconsistencies in our later studies, especially at low Sao2 levels (chapter 
4.1 to 4.3). In this study we compared the Nellcor 660/890 nm sensor as well as a 
new Nellcor prototype RPOX sensor which utilizes LEDs of 735 and 890 nm with 
arterial blood sample Sao2 values in piglets. The new wavelength combination (patent 
pending) was selected to optimize saturation accuracy at low arterial oxygen saturation 
commonly encountered in fetal surveillance. 
Material and methods 
After approval was obtained from the local ethical committee for animal experiments, 
6 Dutch piglets (age 6-14 weeks, weight 9-25 kg) were used in this study. Normal 
procedures for anaesthesia were followed. After intubation of the piglet, desaturation 
levels were obtained by changing the gas mixture of 02/N20. Rectal temperatures 
were kept constant within a range of 36.5°C to 39.0°C by covering the animal with a 
silver swaddling band and by placing a thermostatic heating pad underneath the 
animal. The expired C02 was kept below 5%. The carotid artery was cannulated for 
blood sampling and measurement of arterial pressure. 
Two different RPOX sensors (Nellcor Inc., Pleasanton, CA, USA) were taped 
to the shaved skin left and right of the groin of each animal. One sensor contained a 
combination of 660 and 890 nm LEDs and the other of 735 and 890 nm. The 
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photodetector was 10 mm from the two LEDs in both sensors. Each sensor was 
connected to a prototype N-400 pulse oximeter (Nellcor Inc.). ECG electrodes, which 
were fixed subcutaneously, were used to cardiosynchronize the red (660 or 735 nm) 
and infrared (890 nm) pulses (C-lock, Nellcor Inc.). The ratio of the backscattered 
alternating light intensities of red and infrared light is converted into an oxygen 
saturation reading by the pulse oximeter (Spo2). The prototype N-400 oximeter was 
provided with a calibration line for the 660/890 nm RPOX sensor, which was based 
on measurements in human adults (5a02 range 50-100%) and fetal lambs (5ao2 range 
10-50%). The new 735/890 nm RPOX sensor was calibrated in the present 
experiments (linear regression least squares method). Blood samples were drawn after 
a 30-s period of 5ao2 stabilization, stored on ice and analyzed within 30 min on multi-
wavelength oximeters (IL482R СО-Oximeter, Instrumentation Laboratories, Lexington, 
Mass.; ABL510R, Blood Gas System, Radiometer, Copenhagen, Denmark), values 
corrected for pig blood.7 Paired measurements of blood sample 5a02 and pulse 
oximeter Spo2 reading were analyzed. For the 660/890 nm sensor the mean difference 
(bias) between the Sp02 of the precalibrated N-400 oximeter and the Sa02, and the 
standard deviation of the difference (precision) were calculated.8 For both sensors, a 
calibration line was fitted with linear regression analysis and the standard deviation of 
residuals (SD
rra
) was calculated. The SD
ra
 is an indication of the accuracy and is equal 
to the precision if the bias is zero. 
Results 
Fig. 4.5.1 and 4.5.2 display all paired measurements of the 660/890 nm RPOX sensor 
and 735/890 nm RPOX sensor, respectively. The 660/890 nm sensor overestimated 
the saturation in 2 of the 6 piglets by 30% and 50% (oxygen saturation percentages), 
respectively, at a blood sample Sao2 level of 25%. At 100% Sao2 it gave an 
underestimation of 10% in another piglet. The over- or underestimation was not 
related to age or weight of the piglet. The overall bias was 6.3% and the precision 
was 12.9%. The SD
r e
 of the 660/890 nm sensor around the calibration line was 
11.5% (n=199). 
The 735/890 nm RPOX sensor performed well from 25-100% 5ao2, but 
showed an underestimation below an 5ao2 of 25%. The SD ra was 5.4% (n=176). 
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Figure 4.5.1. Sao^ measured by multi-wavelength oximeter against the 5p02 values obtained from 
the N-400, with the 660/890 nm reflectance sensor. Each animal is represented by a 
different symbol. 
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Figure 4.5.2. 5aO¡ measured by multi-wavelength oximeter against the Spo2 values obtained from 
the N-400, with the 735/890 nm reflectance sensor. Each animal is represented by a 
different symbol. 
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Discussion 
Early studies using the 660/890 (or 940) nm RPOX sensor reported a precision of 4.7 
to 6.6%,4"*, which were based on only 2 to 4 fetal lambs. In our later studies using a 
greater number of fetal lambs, we occasionally found large inconsistencies between 
Spo2 readings of the 660/890 nm pulse oximeter system and the blood sample Sao2 
values. In this study we also found these inconsistencies; the Sa02 was overestimated 
in 2 of the 6 piglets, especially at lower values. In clinical practice this is unaccept-
able, since an overestimation may indicate a falsely normal oxygenation of the fetus 
with inappropriate action/inaction taken thereby. 
The RPOX sensor with the 735/890 nm LEDs showed a good correlation 
between 5ao2 and Spo2 values down to an Sao2 of 25% in all 6 piglets. Below an 5ao2 
of 25%, the heart rate and blood pressure often decreased with concomitant ECG 
waveform changes. This may have caused a less reliable estimation of the Sao2. The 
accuracy of the two sensors can be compared because both sensors were used 
simultaneously on each of the animals, and a calibration line was fitted for both 
sensors using the sample 5ao2 values. The overall precision of 5.4% of the 735/890 
nm sensor is twice as good compared with the 660/890 nm sensor. Even with the 
exclusion of the two piglets with the worst measurements, the 660/890 nm sensor 
showed inferior results. 
Disturbance factors such as malpositioning of the sensor9 or improper data 
analysis10 have not distorted our results. The sensors had appropriate contact with the 
shaven skin, avoiding optical shunting of red or infrared light directly towards the 
photodetector.9 All the displayed Spo2 values were based on acceptable red and 
infrared pulses. 
Based on simplified models, only the alternating light intensities of red and 
infrared light, caused by the pulsating blood volume in the tissue, are considered in 
calculating the 5po2. However, more complex simulation models applied for 660 and 
940 (or 890 nm) nm LEDs, have shown that several factors e.g. the blood volume, 
hematocrit or thickness of the skin, can affect the accuracy of RPOX, especially at 
low Sa02 values.11·12 These factors cannot easily be taken into account separately in 
animal models. Skin structure probably also influences the calibration of RPOX 
sensors. We used the piglet, which has a skin structure akin to man.13 
Influential factors in these more complex models are the different light 
scattering and absorption characteristics within the tissue.11·1214 At low oxygen 
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saturation, red (660 nm) light is significantly more attenuated by hemoglobin in the 
tissue than near infrared (890 nm) light, leading to different photon path lengths and 
light penetration.14 A better balance in photon paths exist with 735 and 890 nm light, 
which may have led to the better performance of the sensor at low oxygen saturation 
under variable tissue characteristics. 
In conclusion, the new reflectance sensor with the combination of 735 and 890 
nm light emitting diodes shows better results and performs much better than the 
660/890 nm RPOX sensor in piglets. For the present, in clinical practice, any data 
based on the 660 nm RPOX systems should be interpreted with caution. 
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Abstract 
Objective. A new reflectance pulse oximetry sensor, developed for intrapartum 
estimation of arterial oxygen saturation (Sao2), was evaluated. The sensor contains two 
light emitting diodes of 735 and 890 nm, and a photodetector at a distance of 14 mm 
from both light emitting diodes. Methods. In seven Yorkshire/Hampshire piglets, the 
reflectance sensor (Nellcor Inc.) was calibrated using blood sample Sao2 values. In 
four Dutch piglets, the calibration line was evaluated by comparing pulse oximetry 
saturation readings (Spo2) with blood sample and intravascular fiberoptic oximetry 
5ao2 values. Several reflectance sensors were fixed on each animal. Desaturation 
levels were obtained by changing the gas mixture of 02/N20 via a tracheal catheter. 
Results. In the Yorkshire/Hampshire piglets, the standard deviation of difference 
(5po2 - 5ao2) was 4.7% (n=364), over an Sa02 range of 17% to 100%. In the Dutch 
piglets, the mean difference (5po2 - 5ao2) was -1.6% and the standard deviation of 
difference was 5.4%, over the same 5ao2 range (n=254). Comparisons of continuous 
recordings of reflectance 5p02 and fiberoptic 5ao2 revealed variation in individual 
regression lines. Conclusions. This new 735/890 nm reflectance sensor is fairly 
accurate in piglets. A further evaluation during labor should reveal its feasibility for 
fetal surveillance. 
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Introduction 
Reflectance pulse oximetry, which continuously and noninvasively estimates the 
arterial oxygen saturation (5ao2), has been received by clinicians with enthusiasm in a 
continuing search for improved methods of fetal monitoring. Several groups have used 
reflectance pulse oximetry during labor under various clinical situations.1"9 However, 
pulse oximetry saturation values (Spo2) do not always seem to be correct; a reported 
mean Spo2 value in 53 uncomplicated deliveries was 82% (range 50%-95%) which 
does not agree with the expected normal fetal Sao2 range of 30% to 80 %,2 and 5po2 
values were lower than the oxygen saturation values in fetal scalp blood.8 
Recently, there has been some concern about the reliability of reflectance pulse 
oximetry. Incorrect sensor application10 or inappropriate data analysis11 has led to 
inaccurate estimations of the fetal Sao2. However, these disturbance factors may be 
overcome by proper sensor placement 
and improvement of data processing. In our animal validation studies we also observed 
that a Nellcor reflectance sensor, employing 660 and 890 nm light emitting diodes 
(LEDs) and used in several clinical studies,1,4"9 was frequently inaccurate, even when 
the above mentioned disturbance factors were avoided.12·13 Moreover, this reflectance 
pulse oximetry system was highly inaccurate in all fetal lambs when the 660/890 nm 
reflectance sensor was placed over a subcutaneous vein on the fetal lamb scalp or after 
administration of adrenaline which caused a (sub)cutaneous vasoconstriction (chapter 
4.2). Placement of the sensor over a subcutaneous vessel and vasoconstriction may 
also occur during labor. There is therefore the suspicion that the 660/890 nm 
reflectance system is unreliable when used during fetal monitoring, but other systems 
employing 660 nm LEDs may be equally affected. 
Because of the inaccuracies observed during both intrapartum use and animal 
studies, a prototype reflectance sensor with a combination of 735 and 890 nm LEDs, 
and with a photodetector at a distance of 10 mm from both LEDs was developed by 
Nellcor. This prototype sensor yielded much better results compared with the 660/890 
nm sensor in piglets.13 A new version of this prototype sensor has now been developed 
for intrapartum use, in which the LED-photodetector distance has been changed from 
10 mm to 14 mm. As validation is fundamental to this technique, we set out to 
validate the new 735/890 nm reflectance sensor with a 14 mm LED-photodetector 
distance in piglets. The piglet was used because it has a similar skin structure to 
man.14 In this animal model, arterial blood samples can be obtained over the 5a02 
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range of 30% to 80%, which is the normal fetal range.1·4 Arterial blood samples are 
needed for a proper evaluation and cannot be obtained from the human fetus. The 
present study describes the calibration of the sensor in California in the first set of 
experiments, and thereafter an independent evaluation in The Netherlands in the 
second set of experiments. Furthermore, head and buttock location were compared 
because different tissue characteristics may influence the calibration. Finally, stepwise 
desaturations were analyzed per animal and/or sensor location to gain an insight into 
inter-subject and inter-position variation in regression lines. 
Material and Methods 
Surgery. Eleven piglets were used in this study, after approval was obtained from the 
local ethical committees for animal experiments. In Richmond, California, 7 piglets of 
the Yorkshire/Hampshire breed (age 1.5-13 weeks, weight 3-20 kg) were anesthetized 
using 2.8% isoflurane in a gas mixture of oxygen and nitrous oxide. When necessary, 
pancuronium bromide 0.5 mg was administered intravenously during the experiment. 
In Nijmegen, The Netherlands, 4 piglets of the Dutch breed (age 6-14 weeks, weight 
7-26 kg) were anesthetized with 0.4-0.8% enflurane in the gas mixture of oxygen and 
nitrous oxide and with a continuous intravenous ketamine infusion of 200-300 mg/h. 
After intubation of the piglets, low oxygen saturation levels were obtained by changing 
the gas mixture of oxygen and nitrous oxide. Rectal temperatures were kept constant 
within a range of 36.5°C to 39eC by covering the animal with a silver swaddling 
blanket and by placing a thermostatic heating pad underneath the animal. 
Electrocardiogram (ECG) electrodes were fixed subcutaneously. The carotid or 
brachial artery was cannula ted for blood samples. 
In the Dutch piglets, a fiberoptic catheter (Abbott Opticath*, U440, 4 French, 
Oximetrix Inc., Mt. View, CA) was inserted in the femoral artery, and positioned in 
the descending aorta. The fiberoptic catheter was connected to an Oximetrix computer 
(Oximetrix Inc.). 
On the Yorkshire/Hampshire piglets four RPOX sensors (Nellcor Inc., 
Pleasanton, CA, USA) were fixed to the shaven skin of head and buttock and used 
simultaneously. In two of the animals two sensors were placed on the groin or cheek. 
One or two desaturations experiments were performed in each animal. Sensors were 
held in place with a band and/or medical adhesive (Dow Corning 355 medical 
adhesive). On the Dutch piglets two RPOX sensors were taped to the shaven skin. 
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After each desaturation, sensors were replaced to another side of the animal. In all 
four Dutch piglets a sensor was present on the head and buttock. In two animals 
sensors were also placed on the groin or cheek. Three to four desaturations were 
performed in each animal. The sensors made satisfactory contact with the skin and 
optical shunting from one sensor towards a second sensor was not observed. The 
operation lights were switched off during the experiments. 
Experiments. In all 11 piglets desaturations were achieved by a stepwise 
lowering of the fraction of inspired oxygen from 25-30% to 6%, resulting in an Sao2 
range from 100% to 17%. The recovery period after each desaturation lasted 30 min. 
In the Yorkshire/Hampshire piglets a total of 12 desaturations were achieved (four 
RPOX sensors for each desaturation), resulting in a total of 48 desaturation recordings 
for the sensors used. In the Dutch piglets 14 desaturations were achieved (two RPOX 
sensors for each desaturation), resulting in 28 desaturation recordings. Heparinized 
blood samples were drawn from the carotid or brachial artery after a 0.5 to 1 min 
period of 5ao2 stabilization. 
Data analysis. The reflectance sensor contained a combination of 735 and 890 
nm LEDs, which transilluminated the tissue, the 735 LED having almost 0% 
secondary emission. The photodetector was placed 14 mm from the two LEDs and 
received the backscattered light. All sensors together with the ECG electrodes were 
connected to prototype fetal pulse oximeters (Nellcor Inc.). The pulse oximeter used 
the ECG to cardiosynchronize the red (735 nm) and infrared (890 nm) pulses (C-lock, 
Nellcor Ine). From the red and infrared pulses a red to infrared ratio was calculated. 
The pulse oximeter has a signal quality scale; the signal quality is denned for 0% to 
100%, based on various factors such as pulse amplitude, synchrony of red and 
infrared waveform and synchrony with the ECG. All ratio values with a quality of 
more than 50% were accepted for analysis. Quality of the signal was 19 times < 50% 
at the moment of blood sampling. 
Blood samples were analyzed within 5 min, or stored on ice and measured 
within 30 min using multi-wavelength photometers (IL482R CO-Oximeter, 
Instrumentation Laboratories, Lexington, MA; ABL510™, Blood Gas System, 
Radiometer, Copenhagen, Denmark) corrected for pig blood. Sample Sao2 values were 
used for comparison with the pulse oximetry data and to adapt the fiberoptic saturation 
values below 80% as described earlier.15 We excluded all paired data which would 
result in a pulse oximeter saturation reading of > 100%, because a pulse oximeter 
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will clip all values at 100% (eight from the Yorkshire/Hampshire piglets and five from 
the Dutch piglets). 
Stathtics. In the Yorkshire/Hampshire piglets, the pulse oximeter red to 
infrared ratios (dependent variable) were related to the sample Sao2 values 
(independent variable) by means of linear regression (least square method). This 
calculated ratio/Sao2 regression line was used as a calibration line to convert the red to 
infrared ratios to pulse oximetry saturation readings (Spo2), in all 11 piglets. The 
5a02/Spo2 regression line of the Dutch piglets was compared with the Sa02/Sp02 
regression line of the Yorkshire/Hampshire piglets (covariance analysis). 
For the comparison of two methods measuring the same quantity it is 
recommended to calculate the mean difference (bias) and the standard deviation of the 
differences (precision).16 Paired measurements of Spo2 and Sao2 were analyzed 
separately for the Yorkshire/Hampshire and Dutch piglets, according to the 
recommended statistics. Head and buttock measurements were compared by analyzing 
the mean bias of individual animals (Student's Mest). 
In the Dutch piglets, all continuous fiberoptic recordings were compared with 
the continuous RPOX recordings for the stepwise desaturation period below 80% Sao2 
(the expected upper limit of fetal £ао2 values). The bias was calculated as described 
above, as well as the standard deviation of the residuals (SD
rM, linear regression). The 
SD
res
 represents the random "variability" and is equal to the precision if the bias is 
zero. Continuous recordings were averaged over a 5-s period. Statistical significance 
was held at ар-value < 0.05. 
Results 
A total of 364 paired measurements of sample Sao2 and Spo2 readings were analyzed 
for the 7 Yorkshire/Hampshire piglets (Fig. 4.6.1). The bias was 0 because the data 
were used to obtain the ratio/5ao2 calibration line in these piglets. The precision was 
4.7% over an Sao2 range of 17% to 100%. The 95% prediction interval around the 
5p02/5ao2 regression line was ± 9.4%. 
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Figure 4.6.1. Spc>2 values against blood sample SaOj values with insertion of the 95% prediction 
interval in the 7 Yorkshire/Hampshire piglets. Dashed line is the line of identity. 
In Fig. 4.6.2, the paired measurements of sample Sao2 and £ро2 readings for the 4 
Dutch piglets are shown. Measurements were obtained over the same Sao2 range of 
17% to 100%. The Sp02/Sao2 regression line was slightly, but significantly different 
from the Spo2/5ao2 regression line in the Yorkshire/Hampshire piglets (covariance 
analysis ρ < 0.001). Of the 254 points, 91% fell within the 95% prediction interval 
based on the Yorkshire/Hampshire piglets. The best fitting regression line for the 
Dutch piglets was 5p02 = 1.06 • sample 5a02 - 5.31. The bias was -1.6% and the 
precision was 5.4%. A summary of all results divided over different 5a02 ranges is 
given in Table 4.6.1. The bias and precision was better both for the 
Yorkshire/Hampshire and the Dutch piglets, for Sa02 values above 30%. Inclusion of 
5po2 values ^ 100% did not change the results. 
The bias per animal differed for both head and buttock measurements; e.g. for 
the head measurements in the Yorkshire/Hampshire piglets it ranged from -1.3% to 
+8.4% (median +0.6%). Overall, no difference was observed for the mean bias for 
head and buttock measurements, in the Yorkshire/Hampshire piglets or in the Dutch 
piglets (Student's f-testp>0.05). 
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Figure 4.6.2. SpO¡ values against blood sample SaOj values for the 4 Dutch piglets with 95% 
prediction interval as obtained in the Yorkshire/Hampshire piglets. Solid line is best 
fitting regression line for the Dutch piglets: SpOj = 1.06 - sample SaC^ - 5.31. 
Dashed line is the line of identity. 
Table 4.6.1. Mean difference (bias) and standard deviation of differences (precision) of SpC^ 
reading minus sample SaO¡ value over various 5aO¡ ranges, for Yorkshire/Hampshire 
and Dutch piglets separately, η=number of paired measurements. 
SaOj range bias precision 
Yorkshire/Hampshire piglets 
1796-30% 
31%-80% 
17%-100% 
17%-30% 
31%-80% 
17%-100% 
0.1 
0.2 
0.0 
-6.3 
-1.1 
-1.6 
7.2 
3.9 
4.7 
6.6 
5.0 
5.4 
75 
200 
364 
24 
179 
254 
Dutch piglets 
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For the Dutch piglets, continuous Spo2 recordings were compared with continuous 
fiberoptic Sao2 recordings to gain insight into the variation of the oxygen saturation at 
a single position in the 4 piglets (inter-position differences). Off line calibration of the 
fiberoptic 5ao2 values resulted in an unbiased accurate continuous Sao2 standard for 
comparison to the Spo2 readings; the standard deviation of residuals for the fiberoptic 
oximeter was < 2.5% absolute. In Fig. 4.6.3, an example of a stepwise desaturation 
in a Dutch piglet is given. The continuous recordings of the 5po2 and fiberoptic Sao2, 
and sample values are shown. This pulse oximetry recording was very accurate and 
demonstrated a bias of -0.6% and an SDra of +1.6%, for the 5ao2 values below 80%. 
Sa02|Sp02 (%) 
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Figure 4.6.3. Example of the first desaturation in Dutch piglet number 4 with the sensor on the 
head. Continuous recordings of fiberoptic SaOj, ípOj and sample SaOj values are 
shown in the upper part of the figure, and the difference between the recordings (JpOj 
- fiberoptic SaO¡) is shown in the lower part. Upper part: solid line = fiberoptic £ap¡ 
recording, dashed line = SpOj recording, • = blood sample SaOj value. 
The bias and SDr0) for the stepwise lowering of the oxygen saturation were calculated 
for each of the 28 desaturation recordings, below a fiberoptic Sao2 value of 80%, and 
are shown together with the 95% prediction interval of the Yorkshire/Hampshire 
piglets in Fig 4.6.4. The mean difference of 5p02 and fiberoptic 5ao2 was generally 
within 5% oxygen saturation. Compared with the fiberoptic Sao2, only one pulse 
oximetry recording had a bias outside the 95% prediction interval. This was a fourth 
desaturation with the sensor on the upper hindlimb. The SDra values were below 5% 
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for all recordings; the single-position data fell much closer to their linear regression 
lines than the pooled data, as shown in Fig. 4.6.1 or Fig. 4.6.2. 
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Figure 4.6.4. Standard deviation of residuals (SDrtJ) against bias of 28 desaturations in 4 Dutch 
piglets for an SaOj value < 80%, with 95% prediction lines based on the 
Yorkshire/Hampshire piglets (dashed lines). Bias and SDra have been calculated for 
the desaturation periods. The value of Fig. 4.6.3 is marked with a square. 
Discussion 
Reflectance pulse oximetry may become a helpful technique for the obstetrician in 
monitoring the fetal condition during labor. It is minimally invasive and easy to use. 
Moreover, the Sao2 is an adequate oxygen parameter for the oxygen supply, because 
of the shape of the oxygen dissociation curve. Due to a quite low fetal partial pressure 
for oxygen, a minor reduction in oxygen supply will lead to a detectable fall in fetal 
Sao2. The clinical findings of several groups which used 660 run reflectance pulse 
oximetry systems during labor raised concerns about the reliability of these systems. 
Mean fetal 5po2 values obtained during uncomplicated deliveries differed widely 
between various reports1"3 and in one clinical report the majority of fetal Spo2 values 
were higher than the expected upper limit of 80% Sao2.2 5po2 values were frequently 
lower compared with the oxygen saturation of fetal scalp blood samples, which is 
physiologically impossible as the scalp oxygen saturation is a mixture of arterial, 
capillary and venous blood which is by definition lower than the Sa02.8 Moreover, in 
our animal studies the 660/890 nm reflectance sensor supplied by Nellcor, which is 
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often used in clinical studies,1·4"9 was frequently inaccurate compared with blood 
sample Sao2 values. Validation studies of reflectance pulse oximetry systems are 
therefore fundamental before using this technique during labor. 
In the human fetus, double sensor studies can be performed by comparing two 
5po2 recordings. However, a reliable standard is necessary for a proper validation. 
Therefore arterial blood samples are needed, but these cannot be obtained in the 
human fetus during labor. The human adult is also not a suitable subject as it is 
unethical to perform hypoxemia studies with such low Sao2 values. In critically ill 
neonates the Sa02 may occasionally become as low as 60%,17 but this is still not low 
enough for the expected fetal Sao2 range of 10% to 80% observed during labor. ^ 3,4 
We therefore validated the new fetal reflectance sensor employing 735 and 890 nm 
LEDs and with a photodetector-LEDs distance of 14 mm in the piglet. 
The pooled data of Fig. 4.6.1 and Fig. 4.6.2 exhibited a random "variability" 
(precision) of circa 5% in both groups of piglets. The small difference in regression 
lines between the two groups of piglets is of no clinical importance. However, the 
single subject or single position data provided in general a much closer fit with their 
corresponding linear regression, shown by the smaller SDrM in Fig. 4.6.4. Much of 
the random variability of the pooled data is thus between-subject or between-position 
rather than within-subject or within-position variability. This is also shown by the 
range of bias values (Fig 4.6.4). This between-subject variability does not become 
apparent if only a small number of animals is used with repeated measurements on the 
same position of the animal. Early animal validation studies used reflectance pulse 
oximetry with 660 nm sensors on only two to four fetal lambs with repeated 
measurements.1'20 In our former study with the prototype 735/890 nm sensor we also 
found a precision of circa 5% in 6 piglets over an Sao2 range of 18% to 100%.13 The 
accuracy was better for Sao2 values above 30% than for those below 30%. This level 
of 30% was chosen because our study in chronically instrumented fetal lambs 
indicated that metabolic acidosis started at this 5a02 level.21 The new 735/890 nm 
RPOX system may be less accurate below 30% but a definitive conclusion cannot be 
based upon this study. The pulse amplitude of red and infrared signals decreased 
during the desaturation as a consequence of (sub)cutaneous vasoconstriction and led to 
a low signal to noise ratio, which will also occur during labor. However, heart rate 
and blood pressure also started to decrease with concomitant abnormal ECG 
waveforms at these low Sao2 values, which are not necessarily apparent below 30% in 
the human fetus. 
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We could not observe a difference between the location at the head or the 
buttock for RPOX with this combination of wavelengths. The tissue of the head 
consists of a relatively thin (sub)cutaneous layer with the bone of the cranium 
underneath, while the tissue of the buttock consists of a thicker (sub)cutaneous layer. 
With the 660/890 RPOX sensor we reported a difference between fetal lamb scalp and 
fetal lamb neck measurements.12 
We used the quality score of the pulse oximeter for the inclusion/exclusion 
beforehand. A quality value of 50% is often used during intrapartum use and was 
considered adequate. This quality score is not yet fully evaluated. However, it 
prevented that inclusion/exclusion criteria were made at the moment of analysis, which 
may cause observer bias. 
The piglet, with a skin structure akin to man, provides an easy and adequate 
animal model in which the performance of reflectance pulse oximetry systems can be 
studied. Using 11 piglets with several sensors on various positions of the animal will 
give an appropriate estimation of the precision of this 735/890 nm sensor, for 
intrapartum use. However, small differences in the light absorption characteristics of 
hemoglobin in the spectral range, and differences in scattering characteristics of 
erythrocytes, skin and subcutaneous tissue between mammals, might lead to a different 
calibration line than would have been obtained in the human fetus. This problem 
cannot yet be overcome by using in vitro models or complex theoretical models which 
incorporate both absorption and scattering characteristics, because a homogeneous 
medium is used which is a simplification of the heterogeneous medium of skin and 
subcutaneous tissue.2224 Nevertheless, measurements in nine sick neonates over an 
Sao2 range of 50% to 92% did not reveal a different calibration line compared to the 
piglet calibration line of this study.25 
Although in vitro models and complex theoretical models which incorporate 
absorption and scattering coefficients cannot be used for calibration of a new 
reflectance pulse oximetry system, they do provide a quantitative support for the 
estimation of Sao2 in various circumstances. The theoretical models have shown that 
the red to infrared ratio is influenced by optical characteristics (e.g. LED wavelength 
and LED-photodetector distance) as well as tissue characteristics (e.g. blood volume, 
hematocrit).22,23 The 660/940 nm reflectance sensor was highly inaccurate in the fetal 
5ao2 range if the aforementioned characteristics were changed.22·23 Such calculations 
have not yet been published for the 735/890 nm reflectance sensor with a 14 mm 
LED-photodetector. One might expect that a better balance between photon paths 
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exists with 735 and 890 nm than with 660 and 890 nm as the red wavelength is 
changed towards the infrared wavelength. However, further animal studies and 
theoretical studies have to be performed before the conclusion can be drawn that the 
new 735/890 nm reflectance pulse oximetry system is reliable in all circumstances. 
In conclusion, the new 735/890 nm RPOX sensor is fairly accurate in piglets. 
Further evaluations during labor should reveal its feasibility for fetal surveillance. 
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oxygen saturation measurements in fetal lambs 
Roel Nijland, Henk W. Jongsma, Jane Crevels, Jan J.M. Menssen, Jan G. Nijhuis, 
Paul P. van den Berg and Berend Oeseburg 
European Journal of Obstetrics & Gynecology and Reproductive Biology 
1994;55:135-140 
Abstract 
In the fetus, the arterial oxygen saturation (Sao2) in the ascending aorta is higher than 
in the descending aorta. We questioned whether this difference over the ductus 
arteriosus (Д5ао2) would change during hypoxemia. Therefore, six chronically 
instrumented fetal lambs (119-126 days of gestation) were studied, by changing the 
inspired oxygen via a tracheal tube to the ewe. The Sao2 was measured intermittently 
every 15 minutes with blood samples obtained from the ascending and descending 
aorta, and continuously with 2 pulse oximeters at both sides of the ductus arteriosus. 
ASaOj was at a level of 3.4-5.3% and had a tendency to decrease at preductal 5ao2 
levels of 10-20% and at pH levels below 7.25. The precision of the pulse oximeters, 
expressed as standard deviation of the differences between sample Sao2 and pulse 
oximeter oxygen saturation reading, was around 5.0% for the individual calibration 
curves. This precision was not enough to show details of the course of ASao2 between 
the blood samples. Our results show that there is no change in ASno2 across the ductus 
arteriosus. 
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Introduction 
With the introduction of pulse oximetry in obstetrics, fetal arterial oxygen saturation 
(5a02) has been estimated experimentally during labor, by applying pulse oximetry 
sensors to the presenting part.1·2 Clinical data indicated a much lower oxygen 
saturation measured from breeches than from fetal scalps.2 It is not clear if the breech-
vertex difference can be explained by a difference of Sao2 across the ductus arteriosus 
(ASao2) or by a lower Sao2 of breeches per se. From measurements in the fetal lamb, 
it is known that the Sa02 and oxygen concentration of the blood above the ductus 
arteriosus are higher than below the ductus. This is due to preferential flow of 
oxygenated blood through the foramen ovale to the left atrium,3,4 but this difference in 
Sao2 is small.
3
 A similar small difference in Sao2 could also be demonstrated in the 
neonate during the first minutes of life, by simultaneous measurements with pulse 
oximetry at pre- and postductal sides.3,6 
During hypoxemia it is known that the oxygen transport to vital organs, such as 
the brain, is maintained through the redistribution of blood flow.4 We wondered 
whether the redistribution would result in a change in pre-postductal 5ao2 difference 
and, in this way, also would contribute to the maintenance of oxygen transport to the 
vital organs. Since the regulation of oxygen transport is a dynamic process, we 
recorded the Sa02 continuously at different sides of the ductus arteriosus by using 
pulse oximetry. To study Д5ао2, hypoxemia experiments were performed in fetal 
lambs, by lowering the inspired oxygen (FiO^ to the ewe, for 2 to 4 hours. The pre-
and postductal oxygen saturation was intermittently measured with blood samples and 
continuously using pulse oximetry. To extend the total Sa02 range above baseline 
values, which are predominantly below 70%, some additional experiments were 
performed, in which the Fi02 to the ewe was raised. The general principles of pulse 
oximetry have been described in various review papers.7,8 
Material and methods 
Surgery. Operations were carried out on 6 ewes of the Dutch Texel breed, between 
119 and 126 days of gestation (term, 147 days). Anesthesia was induced with 30 
mg/kg pentobarbital and 0.5% atropine i.v. The ewe was intubated and ventilation was 
maintained with an Engström ER 300 respirator (tidal volume, 700 ml; frequency of 
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ventilation, 14-16 times/min). C02 was filtered and the concentration of end 
expiratory C02 was maintained at 3.5%, controlled using capnography. Anaesthesia 
was maintained in a closed system with the addition of 2.0% enflurane in a 1:1 
mixture of nitrous oxide and oxygen, 0.5 1/min of each. Heart rate and ECG were 
monitored, and the temperature of the ewe was kept constant using a thermostatic 
heating pad underneath the animal. 
The abdomen was opened through a paramedian incision. The fetal lamb was 
approached by hysterotomy above the fetal breech. The breech was presented and the 
skin was shaved. A reflectance sensor (Nellcor prototype) was stitched firmly to the 
skin. A muscle of the hind limb was prepared and a transmission sensor (Nellcor 
OxibandR) was placed in a stainless steel support around the muscle, leaving 7 mm of 
space between the light emitting diodes and the photodetector.9 A catheter was inserted 
in the contralateral femoral artery and advanced into the distal aorta. The uterus was 
closed in two layers. A second incision was made above the fetal head. ECG 
electrodes were sutured subcutaneously, a reflectance sensor was placed on the shaven 
scalp and a transmission sensor was placed around forelimb muscular tissue. Two 
catheters were inserted in the contralateral carotid artery and jugular vein, 
respectively. A catheter was left in the uterus for the measurement of intra-uterine 
pressure GUP). All electrodes and catheters were exteriorized through an incision in 
the ewe's flank and packed into a pouch on the ewe's back. Before the skin was 
closed 106 U penicillin was spread into the abdomen. In the neck of the ewe a 
tracheostoma of 1.5 cm2 was made, by partial removal of 1 or 2 tracheal rings and 
suturing the skin to the tracheal wall. During five days after surgery two doses of 
ampicillin were administered via the IUP-catheter (125 mg) and the catheter in the 
jugular vein (125 mg). The ewe was given 5 mg streptomycin (i.m.) per day during 
the same period. Food and water supply before and after surgery was according to the 
rules of the animal laboratory. Experiments were approved according to national rules. 
Experiments. The animals were allowed to recover for at least four days after 
surgery. At the beginning of each experiment, baseline parameters of arterial blood 
variables, FHR and pulse oximetry data were obtained over at least one hour. Fetal 
hypoxemia was induced by a stepwise reduction of the Fi02 from 21% to 9% via the 
tracheal tube of the ewe. In five sheep 7 hypoxemia experiments were performed. To 
obtain oxygen saturation values above the baseline values, Fi02 was raised stepwise 
from 21% to 100% in three sheep; one fetal lamb died unexpectedly during the 
recovery period. After Fi02 was set to 21%, recordings were continued until fetal 
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variables returned to their normal ranges. Paired samples of pre- and postductal 
regions were taken every 15 min while pulse oximetry signals were recorded simulta­
neously. 
Calculations and data analysis. The arterial blood samples were analyzed 
within 5 min on an IL1312R analyzer for blood gases and an IL482R analyzer for Sao2 
(Instrumentation Laboratories), corrected to 39 °C. 
Although all animals started with a normal pH (> 7.36) in the baseline period, 
Sa02 values ranged from 26% to 64%. To analyze the relation between Д5ао2 and 
Sao2 or pH in the preductal range, the following procedure was followed: first, Д5ао2 
values were grouped according to preductal Sao2 intervals of 10% and pH intervals of 
0.05. Second, the mean values were calculated for each animal in each range of Sao2 
or pH, and these values were then used to calculate the mean of the group with 95 % 
confidence interval, in order to avoid statistical error. This reduced the total group of 
paired samples (n= 144) to a much smaller number. Statistical analysis was performed 
by comparing values at the deepest point of hypoxia and recovery with baseline values 
by means of Wilcoxon's matched-pairs signed-rank test. Mean values are reported 
with the standard errors of the mean (±SEM). 
The pulse oximetry sensors were connected to prototype N-400 pulse oximeters 
(Nellcor, Inc.). From the oximeter, analog red and infrared Plethysmographie 
waveforms were obtained. These signals and an amplified ECG were converted to 
digital signals and displayed on a personal computer. To reduce, the amount of data 
during long recordings, only 5 s of raw signals of every minute were stored on disk. 
The processing of the signals was done off-line. The red and infrared signals were 
digitally filtered (2.5-15 Hz) and segmented into heart beats using the R-waves of the 
fetal ECG. For each heart beat the minimum and maximum value of the red (red,,,,,,, 
red^J and infrared signal (ir
min, і г ^ were determined; a red to infrared ratio = 
lnired^/redmJ/lnfama/iTmin) was calculated and the ratios were averaged over the 5-s 
period. 
5ao2 values from the blood samples served as calibration points for the average 
red to infrared ratios to calculate the oxygen saturation of pulse oximetry signals. 
When the red and infrared signals in the 5-s period were visually rejected, or when 
the SD of the average ratio was more than 0.2, no saturation was calculated. The 
calibration line of average red to infrared ratio versus 5ao2 from blood samples was 
calculated with a linear regression least square method. For each sensor, a calibration 
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line was calculated in every experiment. This calibration line served to compute the 
oxygen saturation for the continuous recordings of the pulse oximeter. 
To evaluate the pulse oximetry calibration, the SD of the differences (precision) 
of sample Sao2 minus pulse oximeter oxygen saturation (residuals) were calculated.11 
Results 
Fig. 5.1.1 illustrates an example of an hypoxemia experiment. Blood sample Sa02 
values were measured intermittently and two transmission sensors in the pre- and 
postductal region recorded oxygen saturation continuously. Throughout the 
experiment, all preductal samples were approximately 5% higher than the postductal 
samples. This pattern was also displayed by the pulse oximetry recordings, although 
there were considerable fluctuations in the recordings. 
Table 5.1.1 summarizes the results of the blood sample variables of the first 
hypoxemia experiments. Baseline values for Sao2 varied between 26% and 64% with 
pH values S7.36 in the preductal region. During the hypoxemic period, all blood 
variables decreased significantly (p <0.05) and returned to baseline values in the 
recovery period, except for hemoglobin which remained unchanged throughout the 
experiment. The two additional hypoxemia experiments showed an identical reaction 
to the hypoxemia, as compared to the first experiment. 
In three animals oxygen supply was increased. Baseline values were similar to 
those of the hypoxemic experiments (pH range 7.35-7.37, preductal Sao2 range 25-
51%). With 100% oxygen supply to the ewe, a preductal Sao2 range of 53-77% was 
achieved, while pH decreased slightly to values between 7.32 and 7.34. 
The individual Δ of paired samples in Sao2, as well as the mean Δ with 95 % 
confidence interval are displayed in Fig. 5.1.2 in the preductal Sao2 intervals. The 
mean Δ 5ao2 ranged from 3.9% to 5.4% at 20-60% 5ao2 and decreased slightly, but 
not significandy, to the lowest level of Sa02 (Δ=3.2% at a level of 10-20%) as well 
as to the highest level of Sao2 (Δ=3.4% at a level of 60-80%). In Fig. 5.1.3 the 
individual As, as well as the mean Δ, of paired samples are shown at the preductal pH 
intervals. The mean ASz02 ranged from 4.3% to 4.9% above 7.25 but decreased to a 
mean Δ of 2.6%, at a pH level <7.25. The differences of preductal minus postductal 
values of paired samples for pH, Pco2, Po2 and base excess blood did not change 
(Table 5.1.1). 
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Figure 5.1.1. Continuous recording of pulse oximeter oxygen saturation, preductal (solid line) and 
postductal (dashed line) with insert of sample values (triangle: carotid artery, circle: 
femoral artery) for a 3-hour period. Upper dashed line: maternal Fi02. 
Table 5.1.1. 
Variable 
Fetal blood variables of preductal region and difference of pre- minus postductal 
values (Δ) during baseline, deepest point of hypoxemia and recovery period, 
expressed as mean (SEM) (n=5). 
Baseline Hypoxemia Recovery 
preductal preductal preductal 
PH 
РсОг (mmHg) 
POj (mmHg) 
BE (mmol/L) 
Hb (mmol/L) 
SaOj (%) 
7.36 (0.01) 0.01 (0.01) 
44.7(1.1) -1.0(0.5) 
18.9(1.7) 1.4(0.3) 
0.1(0.7) 0.2(0.2) 
7.3 (0.2) 0.0 (0.2) 
45.0 (5.0) 5.0 (0.8) 
7.26 (0.01)* 
40.8 (1.6)* 
8.7 (0.6)* 
-6.6 (0.4)* 
7.2 (0.3) 
12.6(1.8)* 
0.01 (0.01) 
-1.0(0.3) 
0.9 (0.4) 
0.1 (0.2) 
0.1 (0.2) 
3.8 (0.5) 
7.35 (0.01) 0.00 (0.01) 
42.2 (1.2) -0.7 (0.9) 
18.7(1.1) 0.6(0.4) 
-0.2 (0.6) 0.5 (0.3) 
7.2(0.4) 0.1(0.1) 
44.0 (3.3) 4.2 (0.7) 
ρ<0.05, as compared with baseline value (Wilcoxon's matched-pairs signed-rank test), 
BE=base excess blood. 
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Figure 5.1.2. The difference of pre- minus postductal SaOj of paired samples versus 5ao2 in the 
preductal region; triangle = individual differences of 5ao2 values, square = mean of 
all animals with 95% confidence interval. 
pre- minus postductal Sa02 (%) 
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Figure 5.1.3. The difference of pre- minus postductal 5a02 of paired samples versus pH in the 
preductal region; diamond = individual differences of 5ao2 values, square = mean of 
all animals with 95% confidence interval. 
For both transmission and reflectance sensors. Fig. 5.1.4 displays the scatter plot of 
residuals. For the transmission sensors the SD of the residuals was 4.9%. For the 
reflectance sensors the SD was 5.0%. 
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Sample minus pulse oximetery oxygen saturation (%) 
Figure 5.1.4. Scatter plot of the residual differences of sample Sao^ minus pulse oximetry oxygen 
saturation versus sample 5ao2, for reflectance sensors (squares) and transmission 
sensors (triangles). 
Discussion 
The purpose of this study was to investigate if the Sao2 difference between blood 
above and below the ductus arteriosus would change during hypoxemia. We found a 
consistent difference of 3.9-5.4% in all animals, when Sao2 in the preductal region 
ranged from 20 to 60%. A tendency to decrease below 20% and above 60% Sao2 was 
observed, without statistical significance. When pH dropped below 7.25 the difference 
was, although not statistically significant, 2.6%. 
Well-oxygenated blood from the placenta is shunted through the liver. The 
preferential streaming of this blood in the inferior vena cava crosses the foramen ovale 
together with a small amount of blood from the superior vena cava. This results in an 
Sao2 in the ascending aorta of around 62 %? Blood from the superior vena cava 
together with blood from the distal inferior cava and the right hepatic vein flows into 
the right ventricle. From there it is largely ejected through the ductus arteriosus to the 
descending aorta, where it mixes with blood from the aortic isthmus resulting in an 
5a02 of around 58 %? We found a mean 5ao2 of 45% preductally, and 40% 
postductally with large differences between animals. This inter-individual difference 
has also been established by others.11·12 
Chapter 5.1 145 
During hypoxemia, about 10% more blood shunts from the umbilical vein 
through the ductus venosus4·10 with a concomitant increase in myocardial and brain 
blood flow.1314 This redistribution might result in a change in Sao2 difference between 
pre- and postductal regions. An unequal shift of the oxygen dissociation curve in pre-
and postductal regions, due to the Bohr effect, can theoretically also result in a change 
of the Sao2 difference. However, the difference in pH was only 0.01 and did not 
change during hypoxemia, so that no effect can be expected of an unequal shift of the 
oxygen dissociation curve. 
Sheldon et al14 have shown that the difference of pre- minus postductal 02 
concentration was 0.45 mmol/1 and that the difference decreased at a level of 2 mmol/1 
02 concentration. Assuming a hemoglobin concentration of about 8 mmol/1 this 
difference in 02 concentration reflects a difference in 5ao2 of about 5.5% and this 
difference decreases at an 5ao2 of about 25%. Sheldon et al have developed a math-
ematical model based upon no preferential streaming of well-oxygenated blood to the 
left side of the heart which predicts their outcome. 
Gardosi et al2 have used pulse oximetry in the human fetus during labor. They 
found levels of 70-90% on the fetal head and 50-65% for the fetal breech. Their 
results give the impression that the difference is much larger than the 5% which is 
reported in animal models. However, their sensors were not calibrated for low Sao2 
values, because that is impossible in the human fetus. After birth a difference is 
reported to be 8-10% which decreases to zero in approximately 20 min5·6 When pulse 
oximetry is going to be used during labor in the human fetus1,2 there is no evidence 
from this study that a large difference in Sao2 should exist between scalp and breech, 
other than large fluctuations in "normal values" (pH in normal range). 
With pulse oximetry, a continuous recording of arterial oxygen saturation can 
be obtained. In all experiments, it was clear that recordings from the preductal region 
remained higher than the recordings from the postductal region. The SD or 
"precision" of the difference between pulse oximetry and blood sample 5a02 values 
was 5% for separate calibration curves. This SD describes the random error and gives 
an indication of what imprecision can be expected.15 The precision is comparable with 
other measurements using reflectance or transmission pulse oximetry down to low 
iSaOj values.9·16 However, it should be taken into account that for both these studies as 
well as for this one only signals which came up to certain criteria (visual or small SD 
of red to infra ratio) were analyzed. Commercially available pulse oximeters have a 
precision in the range of 1.5-3% but only at higher levels of 5ao2 (70-100%). They 
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become less accurate and have a tendency to overestimate 5ao2 at lower 5ao2 
levels.7·1719 
In general, the signal quality of the transmission sensors was better than that of 
the reflectance sensors, probably because the signals of transmission sensors are 
stronger. Therefore, we could obtain more values for transmission than for reflectance 
sensors. With low 5ao2 values, signal to noise ratio becomes worse due to the fact that 
arterial pulsatility is smaller. This technique seems, until further development, not 
precise enough to detect small differences in Sa02, as described in this study. 
In conclusion, the redistribution of blood flow, which protects vital organs like 
brain and heart from the detrimental effects of hypoxemia, does not result in a 
difference in oxygen saturation across the ductus arteriosus which stays at a 4-5% 
level. 
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5.2 Arterial oxygen saturation in relation to metabolic acidosis 
in fetal lambs 
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Abstract 
Objective. We studied the relationship between preductal arterial oxygen saturation and 
metabolic acidosis in 18 chronically instrumented fetal lambs (gestational age 119 to 
133 days) in two experimental designs. In the first group the onset of metabolic acidosis 
was determined. In the second group the progression of metabolic acidosis was studied 
as was the cardiovascular and hormonal changes resulting from hypoxemia. Study 
design. In nine fetal lambs maternal fraction of inspired oxygen was lowered stepwise 
by increasing flows of nitrogen delivered into the trachea through a small indwelling 
catheter (group I), and in nine fetal lambs uterine blood flow was reduced stepwise by 
means of a vascular occluder (group II). Results. Baseline arterial oxygen saturation 
values ranged from 26% to 67% with normal pH and extracellular fluid base excess 
values in both groups I and II. In both groups pH and extracellular fluid base excess 
started to decrease below 30% arterial oxygen saturation, with a progressive decrease 
below 20% arterial oxygen saturation to an end value for pH of 7.14. In some fetal 
lambs pH and extracellular fluid base excess decreased initially at 20% to 30% arterial 
oxygen saturation and then stabilized at the lower level. Fetal heart rate in group I 
increased during hypoxemia from 155 to 179 beats/min. In group II baseline fetal heart 
rate was 153 beats/min and fell with every step change in arterial oxygen saturation but 
subsequently increased to 172 beats/min by the end of the period of hypoxemia. 
Baseline values for epinephrine, norepinephrine, dopamine, Cortisol, and mean arterial 
pressure were not related to baseline arterial oxygen saturation levels, and each of these 
variables was increased at the end of hypoxemia in group II. Conclusion. Preductal 
arterial oxygen saturation can reach values between 20% and 30% before anaerobic 
metabolism starts. During the progressive acidosis blood pressure was increased, which 
can be attributed to a strong rise in catecholamines. 
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Introduction 
Reduced oxygen supply is the primary cause of fetal asphyxia. If hypoxemia is 
prolonged, aerobic metabolism cannot be maintained and metabolic acidosis develops. 
During labor continuous fetal heart rate (FHR) monitoring is used to detect fetal 
hypoxemia. Specific FHR patterns can be recognized as a result of hypoxemia1, but the 
specificity is low2. With the development of fetal pulse oximetry, arterial oxygen 
saturation (5ao2) can be measured continuously during labor3 and can give direct 
insight into fetal oxygenation. If pulse oximetry is to be used clinically as a monitoring 
technique, the relationship between Sao2 and metabolic acidosis should be known. 
The first clinical measurements with fetal pulse oximetry suggest that Sao2 is 
linearly related to umbilical artery pH3. This is in contrast with experiments in unanes-
thetized fetal lambs. Studies with stepwise reduction of uterine blood flow4 or 
induction of maternal hypoxemia3 showed that 5ao2 can be reduced substantially before 
metabolic acidosis occurs. Moreover, in fetal lamb studies in which oxygen 
consumption was determined, oxygen delivery could be reduced below 50% before 
anaerobic metabolism was manifested by an increase in lactic acid and a decrease in 
pH and base excess.6'9 In most of these studies blood samples were only taken at the 
end of each hypoxemic period,5"9 which does not give insight into the time of onset of 
the metabolic acidosis and its rate of progression. 
We studied the relation between Sao2 and metabolic acidosis in fetal lambs as 
follows. First, we determined the onset of metabolic acidosis while fetal hypoxemia 
was induced by maternal hypoxemia. Then the hypothesis derived from the first 
experiments was tested in a second set of experiments in which fetal hypoxemia was 
induced by graded reduction of uterine blood flow, and the progression in metabolic 
acidosis was studied. In these latter experiments we also studied the cardiovascular and 
hormonal changes with hypoxemia. «Sac^  was measured in arterial samples and 
simultaneously with pulse oximetry. 
Material and methods 
Surgery. Eighteen ewes of the Dutch Texel breed were operated on between 119 and 
133 days of gestation (term 147 days). Anesthesia was induced intravenously with 30 
mg/kg pentobarbital with 0.5% atropine and was maintained with 2.0% ethrane in a 
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2:1 mixture of nitrous oxide and oxygen (ER 300 respirator, closed system ventilation, 
LKB Medical AB, Bromma, Sweden). The temperature of the ewe was kept constant 
by means of a thermostatic heating pad underneath the animal. 
In group I (nine ewes) a tracheostomy of 1.5 cm2 was made in the neck by 
partially removing of one or two tracheal rings and suturing the skin to the tracheal 
wall; during the experiments this tracheostoma was used for an indwelling catheter to 
change maternal fraction of inspired oxygen (Fi02). In group II (nine ewes) the 
abdomen was opened through a paramedian incision, after which the uterus was 
temporarily lifted out of the pelvis and covered with soaked gauzes. The peritoneum 
was opened over the trifurcation of the aorta into the common internal iliac artery and 
the external iliac arteries. A flexible inflatable occluder (diameter 8 or 10 mm, Rhodes 
Medical Instruments, Woodlands Hills, CA) was placed around the common internal 
iliac artery, and an electromagnetic blood flow sensor (diameter 3.5, 4 or 4.5 mm with 
slot cover, Skalar, Delft, The Netherlands) was placed around the internal iliac artery 
leading to the pregnant horn. In all ewes a pedal artery was catheterized. 
The fetal lamb was approached by hysterotomy near the fetal head. A muscle of 
the forelimb was prepared and a transmission sensor (Nellcor Oxiband* or prototype 
Dura Y-sensor*, Nellcor, Pleasanton, CA) was placed in a stainless-steel support 
around the muscle, leaving 7 mm of space between light emitting diodes (LEDs) and 
photodetector. The LEDs emit red and infrared light through the tissue, and from the 
cardiosynchronous alternating light intensities caused by the pulsating blood volume in 
the tissue Sao2 can be estimated10. A second sensor was placed around muscular tissue 
of the other forelimb or around a double layer of skin in the neck of the fetus. Three 
electrocardiogram electrodes were sutured subcutaneously on the sternum, right 
shoulder, and at the left side in the neck. Polyvinyl catheters (inner diameter 0.8 mm, 
outer diameter 1.6 mm) were inserted in the carotid artery, the jugular vein, and the 
amniotic cavity. The uterus was then closed and all electrodes and catheters were 
exteriorized through a skin incision in the ewe's flank and packed into a pouch on the 
ewe's back. Before the skin was closed 106 IU of penicillin was administered into the 
peritoneal cavity. 
The animals were allowed to recover 4 days before experiments were started. 
On the day of operation and during the recovery period antibiotics were administered 
daily: streptomycin, 5 mg intramuscularly to the ewe; ampicillin, 125 mg 
intravenously to the fetus; and ampicillin, 125 mg into the amniotic cavity. Catheters 
were kept open by continuous infusion of heparinized saline solution (5 IU/ml at 
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1 ml/h). Food and water before and after surgery were given according to the rules of 
the animal laboratory. The experiments were approved by the local ethical committee 
for animal research. 
One arterial blood sample (0.4 ml) was taken each day during the recovery 
period to assess fetal condition. 
Experiments. 
Group I. After a 1-h baseline period fetal hypoxemia was induced by stepwise 
reduction of the maternal Fi02 by a tracheal catheter inserted in the tracheostoma from 
20% to 10% in steps of 2.5%. Each level was maintained initially for 30 minutes but 
subsequently longer when pH and extracellular fluid base excess started to decrease. 
Arterial blood samples were taken from the fetus at 15-min intervals during the whole 
experiment. 
FHR and pulse oximetry were recorded continuously. Maternal arterial samples 
were taken in the baseline period, at the lowest point of hypoxia, and in the recovery 
period. 
Group II. After a 1-h baseline period uteroplacental blood flow was reduced 
stepwise by occluding the common iliac artery to achieve fetal arterial 5a02 levels of 
30% to 40% or <30%. Each level was maintained for at least 1 hour. Fetal arterial 
blood samples for blood gases and pH (0.2 ml) were taken at 7.5-min intervals and 
samples for Sao2 (0.2 ml) at 30-min intervals and after each reduction in blood flow. 
When pulse oximetry indicated that Sao2 was out of the intended, range, an additional 
sample for Sa.o2 was taken. If necessary, blood flow was further reduced until the 
intended Sao2 range was again achieved, and then this period was prolonged. In these 
instances each period lasted > 1 hour. Such additional reductions had to be performed 
in three fetal lambs at the 30% to 40% Sao2 level. After the first hour of recovery 
samples were taken at 1-h intervals until baseline values were reached again. At the 
start of the experiment and the end point of hypoxia, fetal arterial blood was collected 
for measurement of epinephrine, norepinephrine, dopamine, and Cortisol levels (3 ml). 
Total blood loss was estimated to be within 10% of the total blood volume. Fetal 
arterial blood pressure and amniotic pressure were measured at the level of the ewe's 
back. These signals, FHR, and pulse oximetry oxygen saturation were recorded 
continuously. 
Data analysis. The fetal blood samples were analyzed within 5 min to assess 
SaOj (Instrumentation Laboratory 482*, Lexington, MA), pH and blood gases 
(Instrumentation Laboratory 1312*, Lexington, MA). Results were corrected to 39 "C. 
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Then the oxygen concentration (co2) and the extracellular fluid base excess (BEKf) 
were calculated according to the formula used by the Instrumentation Laboratory blood 
gas analyzer. The extracellular fluid base excess is assumed not to be affected by a 
change in partial pressure of carbon dioxide (Pco2).n All fetal lambs in group I 
showed a progressive decrease in pH and extracellular fluid base excess below a 
certain level of Sao2. Before the onset of metabolic acidosis these variables showed a 
wide range at baseline (the variation in Sa02 could, for instance, fluctuate between 
50% and 68%). Therefore a moving average was calculated for 5ao2 and extracellular 
fluid base excess with three successive values. 
Blood samples for fetal hormones were collected on ice. Catecholamines were 
measured by high-performance liquid chromatography with fluorometric detection12 
(interassay variation <12%, intra-assay variation <4%). Cortisol was measured by a 
standard radioimmunoassay. 
The pulse oximetry sensors were connected to prototype N-400 pulse oximeters 
(Nellcor, Inc., Pleasanton, CA). For group I the data of the pulse oximeter were not 
used in the current study. In group II Sao2 values were obtained from the N-400 pulse 
oximeter. The median value of the SD of residuals around individual calibration lines 
was 3.7% (range 1.8% to 5.9%)13. 
Instantaneous FHR was measured from the fetal electrocardiogram. Arterial and 
amniotic pressures were measured with disposable transducers (TDN-R, neonatal use, 
Viggo Spectramed, Headfield, UK). Measurements of blood pressure (corrected for 
intra-amniotic pressure) and FHR were averaged over the last 5 minutes in each period 
and during the nadir after the occlusion. The blood flow sensor was connected to a 
MDL 1401 electromagnetic flowmeter (Skalar, Delft, The Netherlands). Maternal 
blood flow measurements were only used to verify the occlusion and were not further 
analyzed. All continuous signals were stored and calculated on a personal computer 
with the program Poly (Physiological Analysis Package, Inspektor Research System, 
Amsterdam, The Netherlands). 
Statistics. Blood gas values and cardiovascular variables were analyzed by 
Student paired t test and fetal hormones by Wilcoxon's signed-rank test. A Bonferoni 
correction was performed to obtain the proper ρ values, where more than one 
comparison was made. Blood gases and pH, Sao2, FHR, carotid blood pressure, and 
fetal hormone levels were compared between baseline, hypoxia, and recovery periods. 
Values are expressed as mean (SEM) for each group. For fetal hormone levels a 
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logarithmic transformation was also carried out, and the relationship with the change in 
Sao2 and pH was analyzed by the linear regression least-squares method. 
Results 
Baseline period. During the recovery from surgery Sa02 values for each fetus remained 
stable in a range similar to the value found later in the baseline period, and pH was 
always >7.34. £ao2 showed intra-individual variations of between 4% and 18% of the 
respective mean values during the first hour of the baseline period. 
In Fig. 5.2.1 the first blood sample values of the baseline periods are plotted 
for both groups I and Π (η =18). 5ao2 varied from 26% to 67%. There was no 
correlation between Sao2 and pH (Pearson correlation coefficient r=-0.29, р>0Л0) or 
between Sao2 and extracellular fluid base excess (r=-0.16, p>QAQ). 
4.0 
2.0 
O.o 
• · -2.0 
7.42 ι 
7.4 • 
7.38 
7.36 
7.34 • 
7.32 • 
рн 
• 
• 
A 
• 
1 1 
i 
m 
m 
Ι ­
Α 
• 
A 
A 
A 
• 
• 
A 
-1 
BEecf (mmol/L) 
A " 
• 
à 
• 
• 
Ι ­
Α 
•A 
1 
!• 
1 
-4.0 
10 20 30 40 50 
Sa02 (%) 
60 70 80 
Figure 5.2.1. Relation between Sac^ and pH and extracellular fluid base excess (BEKf) of the first 
blood samples on the day of the experiment for the total group of fetal lambs (n= 18). 
• =pH (Pearson correlation coefficient r=-0.29, ρ > 0.10), A = extracellular fluid 
base excess (Pearson correlation coefficient r=-0.16, ρ > 0.10). 
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Table 5.2.1. 
SaOj (%) 
CO2 (mmol/L) 
РОг (mmHg) 
PCO! (mmHg) 
рн 
BEK, (mmol/L) 
Hb (mmol/L) 
FHR (bpm) 
Mean values (SEM) of fetal blood variables and FHR during baseline period. 
end of hypoxic period, and 
baseline 
(n=9) 
47.9 (4.2) 
2.7 (0.3) 
19.2(1.2) 
43.6 (0.8) 
7.37 (0.01) 
1 0.3 (0.5) 
7.0 (0.2) 
155 (6) 
recovery period of group 
end of hypoxia 
(n=9) 
17.4(1.2» 
1.0(0.1)* 
9.9 (0.5)φ 
38.9(1.0)φ 
7.27 (O.Ol)t 
-8.8 (0.4)t 
7.2 (0.2) 
179 (5)t 
I fetal lambs. 
recovery 
first hour 
(n=9) 
195 (4)t 
end point 
(n=8) 
48.6 (3.7) 
2.8 (0.3) 
19.6(1.2) 
41.6(1.1)* 
7.37 (0.01) 
-1.3 (0.6) 
7.2 (0.2) 
165 (5) 
* ρ<0.05 compared with baseline value (Student paired / test), 
t p<0.01 compared with baseline value (Student paired / test). 
t ρ < 0.001 compared with baseline value (Student paired / test). 
Group I. With stepwise reduction of the Fi02 from 21% to 10%, maternal partial 
pressure of oxygen (Po2) decreased from a mean of 104 mmHg to 57 mmHg at the 
lowest point. Fetal Sao2 decreased to a mean lowest value of 17.4% (Table 5.2.1). To 
investigate the relationship between Sao2 and the onset of fetal acidosis, the change in 
the moving average in extracellular fluid base excess in a 10-minute interval was 
calculated and plotted against the moving average in Sao2 (Fig. 5.2.2). When the 
moving average of Sao2 reached 30%, the rate of change in extracellular fluid base 
excess was between -0.5 and 0.5 mmol/L per 10 min. Below an Sao2 of 30% the 
changes in extracellular fluid base excess started to exceed -0.5 mmol/L per 10 min, 
with larger decreases in extracellular fluid base excess at lower 5ao2 values. This was 
true for all fetal lambs. At the end of the recovery period, pH, extracellular fluid base 
excess, and the oxygen variables had returned to baseline values in all but one 
instance. This lamb died unexpectedly after the first hour of recovery although the pH 
had almost returned to the baseline level. 
Maternal and fetal Pco2 values showed small declines during hypoxia, probably 
because of maternal hyperventilation. Fetal hemoglobin concentration showed no 
significant change throughout the study. 
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Figure 5.2.2. Change in moving average of extracellular fluid base excess (dBEKr/dt) in relation with 
the moving average of Sac^ in 9 fetal lambs, from the start of the experiment till the 
moment of lowest extracellular fluid base excess. Each animal is represented by a 
different symbol, о lamb died during recovery period. 
FHR increased during the hypoxic period and was significanüy higher at the end of 
this period. FHR increased further to a mean value of 195 beats/min during the first 
hour of recovery and returned slowly to baseline values by the end of the experiment. 
In one fetal lamb FHR decreased below 100 beats/min when Fi02 was lowered from 
12.5% to 10%. 
Group II. Fetal blood gas variables, FHR, and mean arterial pressure (MAP) 
for these fetuses are summarized in Table 5.2.2. Two fetal lambs started with a 
baseline Sao2 of 30% to 45%. In these two lambs the first reduction resulted in an 
iSaOj < 30%. In the remaining fetuses Sao2, Po2, and oxygen concentration were 
significantly reduced at a level of Sao2 of 30% to 40%. Pco2 rose and pH decreased 
immediately after the occlusion but did not change further during this reduced level of 
30% to 40% Sao2. Extracellular fluid base excess decreased in a way similar to pH but 
the difference was not statistically significant (Fig. 5.2.3). The variable responses to 
the stepwise occlusions were not related to gestational age or weight of the fetus. FHR 
decreased in all animals, reaching a nadir within 1 to 3 minutes, but returned to 
baseline levels by the end of the Sa02 30% to 40% period. MAP increased 
significantly during this period from 44.4 to 49.1 mmHg (ρ < 0.01). 
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Table 5.2.2. Mean values (SEM) of fetal blood variables, FHR, MAP, and time of period, during 
baseline period, SaOi 30-40%, SaOi < 30 %, and recovery period, at the end of each 
subsequent period in group II fetal lambs. FHR and MAP are measured as mean 
around nadir and last 5 minutes of period. 
toOj (%) 
CO2 (mmol/L) 
POj (mmHg) 
РсОг (mmHg) 
рн 
BE«f 
(mmol/L) 
Hb (mmol/L) 
baseline 
(n=9) 
last S min 
53.6(4.2) 
3.3(0.2) 
21.4(1.3) 
47.2(0.8) 
7.36(0.01) 
1.5(0.4) 
6.9(0.4) 
MAP (mmHg) 44.4(2.3) 
FHR (bpm) 
Time of period 
(min) 
153(6) 
l 60(0) 
Sao¡ 
nadir 
45.3(2.8) 
120(6)t 
,=3040% (n= 
whole period 
35.6(0.9)ф 
2.3(0.2)1: 
17.7(0.6)ф 
49.4(0.8)* 
7.33(0.01)* 
0.5(0.6) 
6.7(0.5) 
77(7) 
=7) 
last 5 min 
49.1(3.0)t 
159(3) 
îaOj < 30% (η 
nadir 
52.1(2.5)φ 
123(9)t 
whole 
period 
18.2(1.5)ф 
1.3(0.1)* 
13.4(0.б)ф 
58.2(2.0)ф 
7.14(0.02)* 
-9.7(0.6)ф 
.7.1(0.4) 
135(21) 
=9) 
last 5 min 
57.4(2.8)ф 
172(13)* 
recovery 
(n=9) 
last 5 min 
47.8(4.3) 
2.9(0.2)* 
21.4(1.3) 
46.9(0.9) 
7.35(0.01) 
0.4(0.8) 
6.5(0.3) 
42.5(2.3) 
168(8) 
174(38) 
* ρ <0.05 compared with baseline value (Student paired t test). 
t ρ<0.01 compared with baseline value (Student paired t test). 
Χ ρ<0.001 compared with baseline value (Student paired t test). 
With the second reduction of blood flow, Sao2, Po2 and oxygen concentration 
decreased further and Pco2 values increased. The effect on pH and extracellular fluid 
base excess was not identical in all fetal lambs. In two fetal lambs pH and extracellular 
fluid base excess decreased at an Sao2 level of 20% to 30% but showed a subsequent 
stabilization in pH and extracellular fluid base excess after 1.5 hours (Fig. 5.2.3, 
upper panel). In seven fetal lambs, pH and extracellular fluid base excess decreased 
continuously below an Sa02 of 25 % ; six of these fetal lambs had Sao2 values below 
20% (Fig. 5.2.3, lower panel). MAP rose in all fetal lambs to a mean maximum value 
of 57.4 mmHg (ρ < 0.001) at the end of the hypoxic period. FHR decreased within 1 
to 3 minutes after the increased occlusion but increased significantly by the end of the 
hypoxic period. After the occlusion was released, all animals showed a period of 
tachycardia in which FHR rose significantly (compared with baseline) to a mean value 
of 189 beats/min (SEM=9). In six fetal lambs FHR was still increased at the end of 
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the experiment, although pH and extracellular fluid base excess had normalized. Fetal 
hemoglobin concentration showed no significant change throughout the study. All 
blood gas variables had returned to baseline values by the end of the hypoxic period 
except for oxygen concentration, which was still diminished. 
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Figure 5.2.3. Two examples of experiments m group II fetal lambs Upper figure, Stabilization of 
pH and extracellular fluid base excess (BE
ref) at a Safy level of 20% to 30%. Lower 
figure, Decrease of pH and extracellular fluid base excess below 25 %. i , Stepwise 
reduction blood flow, Τ , stepwise rise of blood flow; • =pH, A = extracellular fluid 
base excess. 
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Figure 5 2 4 Relation between the difference (d) of beginning minus end hypoxic values for Sao2 
and difference of end hypoxic minus beginning levels of catecholamines and Cortisol 
(upper figures) and same for pH (lower figures). • = Norepinephrine (TVE); 
• = epinephrine (Epi), A = dopamine (DA), · = Cortisol Relations and Pearson 
correlation coefficients (r) are log d-NE=4 34 • d-pH + 2 74, r=0.76, 
0 01<p<0 025, log d-Epi=9 58 · d-pH + 0 84, r=0 86, p < 0 005, log d-
DA=5 57 · d-pH + 1 40, r=0 72, 0 01 <p< 0 025. 
Baseline levels for fetal cathecholamines and Cortisol showed wide ranges: dopamine 
0 05 to 0.30 ng/ml, norepinephrine 0.37 to 1.83 ng/ml, epinephrine 0.01 to 0.12 
ng/ml, and Cortisol 7.0 to 24.0 ng/ml. There was no relationship between these values 
and baseline values for Sao2, pH, extracellular fluid base excess, MAP, or FHR. In all 
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fetal lambs fetal catecholamines and Cortisol were increased at the end of the hypoxic 
period. The increase ranged from threefold to 20-fold for dopamine, from fivefold to 
19-fold for norepinephrine, from 15- to 970-fold for epinephrine, and from threefold to 
fivefold for Cortisol (Table 5.2.3). There was no relationship between the changes in 
either catecholamines or Cortisol and the change in Sa02 (p>0.05). The increases in 
catecholamines, but not in Cortisol, were significantly related to the change in pH (Fig. 
5.2.4). 
Table 5.2.3. Mean values (SEM) of fetal hormones during baseline and at end point of hypoxia. 
Dopamine (ng/mL) 
Norepinephrine (ng/mL) 
Epinephrine (ng/mL) 
Cortisol (ng/mL) 
baseline 
0.10(0.03) 
0.87(0.18) 
0.05 (0.01) 
11.2(1.8) 
end hypoxia 
0.85 (0.33)* 
7.81 (2.59)* 
3.62 (2.83)* 
34.6 (5.5)* 
* ρ<0.01 compared with baseline values (Wilcoxon's signed-rank test). 
All nine ewes showed normal values for pH, Pco2, and Po2 during the baseline period. 
In three ewes blood samples were taken before, during, and after the experiment. No 
change in pH, Pco2, or Po2 was seen. 
Discussion 
In this study we have determined the relationship between preductal 5a02 and 
metabolic variables as measured by pH and extracellular fluid base excess in fetal 
lambs at a premature age of between 0.81 and 0.90 of gestation. Baseline 5aO
z
 values 
showed a wide range without significant correlation with pH or extracellular fluid base 
excess. This variation in 5ao2 between individual fetuses has been observed previously 
in studies in fetal lambs45 and fetal baboons14. Some fetal lambs started the 
experiments with low 5ao2 values that had been present from the first measurements on 
postoperative day 1 without any sign of acidosis. This indicates that these fetuses were 
not hypoxic in the sense that anaerobic metabolism was needed. Besides a large 
variation among different fetal lambs, the intra-mdividual variation in 5ao2 was also 
substantial and ranged from 4% to 18% in the baseline period. Fetal arterial 5a02 
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values are on the steep part of the oxygen dissociation curve, and therefore even small 
variations in Po2 will lead to large variations in Sao2. Such intraindividual variations in 
blood gases are probably attributable to uterine contractures, fetal movements and 
maternal movements,15,16 which may lead to variations in Sao2 of 15 to 20% and 
variations in pH of 0.03.16 
In all experiments in group I, extracellular fluid base excess began to decrease 
at an Sao2 level <30%. Because of the baseline variations, however, we had to 
calculate moving averages of Sao2 and extracellular fluid base excess to detect the 
starting point of acidosis. Reduction to an Sao2 level of 30% to 40% in group II 
resulted only in small and nonprogressive decreases in pH immediately after the initial 
partial occlusion. This indicates that above an 5ao2 of 30% oxidative metabolism can 
be maintained, which can be explained by an increase in oxygen extraction, and a 
decrease in oxygen consumption of non-vital organs.17 An Sao2 level of 10% to 20% 
resulted in a progressive fall in pH and extracellular fluid base excess in all cases. An 
Sao2 level of 20% to 30% resulted in a progressive decrease in pH and extracellular 
fluid base excess in some fetuses and led to a stabilization at a somewhat lower level 
in others. Therefore some fetuses can compensate for oxygen saturations in the 20% to 
30% range, whereas others deteriorate at this level. 
This observation is similar to the findings of other studies. Paulick et al4 found 
the onset of metabolic acidosis at Sao2 levels of 15% to 20% (measured in the 
descending aorta) during stepwise reduction of uteroplacental blood flow. Postductal 
Sao2 is 5% to 6 % lower than simultaneous preductal measurements.18 An Sao2 level of 
around 30%, produced by reduction of the maternal blood flow and maintained for 24 
hours, resulted in an initial decrease in pH with complete recovery by the end of the 
24-hour period.19·20 With stepwise lowering of maternal Fi02 over several days 
Richardson et al5 showed that pH decreased when preductal 5ao2 was close to 30%. 
Kitanaka et al21 induced long-term fetal hypoxemia (3 weeks) with a mean 5ao2 around 
45% and found no acidosis. If pulse oximetry becomes a monitoring technique to 
estimate the fetal Sao2 continuously, it should be considered that the human fetus may 
also have the ability to adapt metabolically to a reduced Sa02. 
Many investigators have measured fetal oxygen consumption and have shown 
that the oxygen delivery could be reduced to about 50% of control before oxygen 
consumption began to decrease.6"9 With further reduction below 50% of baseline 
oxygen delivery, fetal oxygen consumption fell and metabolic acidosis developed.22 
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In contrast to the studies cited above, Jensen et al23 showed that acute severe 
reduction in uterine blood flow resulted in a linear relation between oxygen supply and 
oxygen consumption for the whole fetus and that graded reduction in uterine blood 
flow17 resulted in a linear relationship between oxygen supply and oxygen consumption 
for the lower carcass. When the fetal lungs were ventilated in utero, Askura et al24 also 
found a linear relation between Po2 and oxygen consumption. Moreover, when fetal 
skeletal muscle cells were studied at various levels of oxygenation in monolayer 
culture25, this linear relation was also found. In the study of Jensen et al,23 however, 
the reduction of blood flow resulted in an immediate Sao2 decrease below 20% with 
subsequent metabolic acidosis. These investigators did not look at the consequences of 
milder hypoxemia. In the study of Askura et al24 metabolic acidosis occurred only 
when oxygen concentration was <2 mmol/L. Similar findings have been reported by 
Peeters et al.26 An oxygen concentration of 2 mmol/L corresponds to an Sao2 of 20% 
to 33% if hemoglobin ranges from 6 to 10 mmol/L. At these levels of oxygenation 
oxygen consumption of vital organs such as heart and brain can be maintained through 
the redistribution of fetal blood flow.17·26,27 An oxygen concentration below 1 mmol/L 
is associated with reduced cerebral blood flow and oxygen consumption and 
progressive acidosis28,29; corresponding values for Sao2 are <16%, if hemoglobin is 
between 6 and 10 mmol/L. 
In most previous studies the effect of acute hypoxemia on heart rate in the term 
fetal lamb has been a transient bradycardia followed by a. delayed return to 
baseline.27·30 In most of these studies the maternal Fi02 was lowered from 20% to 10% 
in one step, resulting in a rapid decrease in oxygen delivery to the fetus, activation of 
fetal chemoreceptors, and reflex slowing of heart rate. Bradycardia was observed in 
only one fetus of group I when maternal Fi02 was lowered stepwise. The tachycardia 
we generally observed in group I, might have been related to failure of the gradual 
reduction of Po2 to evoke a chemoreceptor response. The rise in FHR during the 
hypoxemic period was probably the result of the increased fetal catecholamine levels. 
In group Π all occlusions resulted in an initial fetal bradycardia with a nadir between 1 
and 3 minutes, followed by a return to baseline FHR levels by the end of the 5ao2 
30% to 40% period, and tachycardia above baseline levels by the end of the Sao2 
<30% period. When uteroplacental blood flow is reduced, both oxygen transport to 
the fetus and carbon dioxide transport from the fetus is restricted. Because both 
hypoxemia and hypercapnia result in fetal bradycardia,31·32 this may explain why 
stepwise partial occlusion resulted in a bradycardia, whereas stepwise reduction of the 
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Fi02 (when Pco2 decreased slightly) did not. A prolonged fetal tachycardia that could 
be abolished by ß-adrenergic blockade has been described after 60 min of hypoxemia.33 
This indicates that the increase in FHR was the result of a prolonged increase in 
sympathetic activity. 
Fetal mean arterial pressure showed a progressive gradual increase over the 
total hypoxemic period. This finding has also been reported by others4,8·30 and is held 
to be related to the rise in plasma catecholamines34 and reflex vasoconstriction in the 
fetal carcass and several other vascular beds. In our experiments hypoxemia produced 
a marked increase in the plasma concentrations of catecholamines and, to a lesser 
extent, Cortisol, as has also been observed by others.4·33·35 This response is partly the 
result of direct effects of hypoxemia on the adrenal medulla and partly due to reflex 
stimulation.34 During the baseline period there was no correlation between Sao2 and 
either catecholamine levels, Cortisol, or MAP. Long term hypoxemia without acidemia 
results in prolonged elevation of catecholamines.19·21 This reinforces the conclusion that 
our fetal lambs with low Sao2 values were not already hypoxemic at the beginning of 
the experiments. No correlation could be found between the decrease in 5a02 and the 
increases in catecholamines and Cortisol, such as was reported by Jensen et al.36 In 
their study hypoxemia and acidemia were closely interrelated. Paulick et al4 found that 
catecholamines started to increase exponentially when postductal Sao2 values reached 
15% to 20%. In our study only the decrease in pH and the increases in catecholamines 
were linearly related. This suggests that it is not the decrease in 5ao2 that is the 
determinant of the increase in catecholamines, but rather the degree of acidemia that is 
a consequence of the lack of oxygen. 
In conclusion, oxygen delivery normally has a reserve in fetal lambs. 
Dependent on the baseline level of oxygenation, oxygen delivery can be reduced 
substantially before oxidative metabolism is compromised and metabolic acidosis 
begins. 5ao2 may decrease to 30% before a progressive decrease is seen in pH and 
extracellular fluid base excess. At an 5ao2 of 20% to 30% a new balance of oxygen 
supply and oxygen consumption may develop. Below an 5ao2 of 20% oxidative metab-
olism can no longer be maintained, and this will inevitably result in a progressive fall 
in pH and extracellular fluid base excess. If pulse oximetry is to become a monitoring 
technique during labor, it is important to know whether such a safety level also exists 
in the human fetus. 
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Epilogue 
The aim of fetal surveillance during labor is straightforward: it is to identify fetal 
distress which may, if uncorrected, cause short-term morbidity, death, or possibly 
long-term morbidity. As outlined in the introduction, the only monitoring technique 
during labor which is widespread used, is the continuous recording of the fetal heart 
rate together with the uterine activity (cardiotocogram, CTG). This technique did not 
fulfill its expectations and additional techniques are therefore needed. Such techniques 
should be easy to use, preferably be noninvasive, and should yield continuous 
information. Moreover, they should be accurate and reliable, and able to detect early 
signs of fetal distress. In the search for another more sensitive candidate than the CTG 
alone, pulse oximetry was developed and explored. 
Until recently, most clinical studies did use reflectance pulse oximetry. This 
technique is extensively explored in this thesis. Two different reflectance sensors 
(developed by Nellcor Inc., Pleasanton, USA) were used, with as main difference the 
wavelength of the red light source (660 or 735 nm, respectively). Transmission pulse 
oximetry has also been studied because it might be a possible alternative. 
Clinical studies were generally unable to document the accuracy and reliability 
of reflectance pulse oximetry, and the presented data were sometimes inconsistent with 
other known or measured data (chapter 2). Part of the work of this thesis could clarify 
this situation. The prerequisites for the successful clinical applications of fetal pulse 
oximetry are summarized below with two main questions which are addressed in this 
thesis. 
During labor the fetal pulse oximetry sensor can be introduced if the membranes are 
broken and the cervix of the uterus is dilated by 2 cm. This procedure is minimally 
invasive for the mother and the fetus. To ensure a proper contact with the fetal skin, 
different designs of the sensor have been proposed (chapter 2). Pulse oximeters are 
pre-calibrated instruments and do not need further calibration during labor, which is 
convenient for the user. They have the potential to measure continuously, although 
none of the designs do yet succeed in obtaining actual continuous recordings. 
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1. Does reflectance pulse oximetry estimate the arterial oxygen saturation 
accurately and reliably? 
Early studies with 660 nm reflectance sensors showed promising results for the 
precision of the method at low fetal oxygen saturation values. However, the studies 
described in this thesis showed less accurate results for these sensors; the sensors 
appeared to be inaccurate in various circumstances in animal models, human neonates 
and adults. The new 735 nm sensors have not yet been tested as extensively as the 660 
nm sensors, but its accuracy and reliability appeared to be much better in comparison 
with the 660 nm sensor in animal models {chapter 4.5). The reliability of the new 
reflectance sensor should be further investigated in animals and humans, in various 
circumstances. 
2. Is arterial oxygen saturation an adequate parameter for the detection of early 
signs of fetal distress? 
Arterial oxygen saturation is a parameter of oxygen supply to the fetal organs. Arterial 
oxygen saturation might thus be a good parameter for the early detection of fetal 
compromise. However, in chronically instrumented fetal lambs, arterial oxygen 
saturation values showed large variations between subjects as well as within the 
subject, and the fetal lambs even adapted to a lower oxygen supply (chapter 5.2). 
Such a safety level may also exist for the human fetus, but this has not yet been 
demonstrated. Sensible interpretation of the pulse oximetry oxygen saturation 
recordings will therefore not be easy. 
It has to be concluded that reflectance pulse oximetry is not yet ready for use in 
clinical surveillance. Clinical research studies should be interpreted with caution as 
long as the methodology for estimating the fetal arterial oxygen saturation has not 
been properly evaluated. 
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Summary 
The present study explores arterial oxygen saturation as a parameter for fetal well-
being and pulse oximetry, a possible new technique to monitor the fetus during labor. 
After the general introduction in chapter 1, a review of the basic principles of 
oximetry and pulse oximetry, and their clinical use is given in chapter 2. 
Pulse oximetry is a noninvasive optical method, which estimates arterial oxygen 
saturation (Sao2) continuously. The pulse oximetry sensor most commonly used 
contains 2 light emitting diodes (LEDs) and a photodetector. The LEDs emit red and 
infrared light into the tissue. The photodetector receives the attenuated light; from the 
alternating red and infrared light intensities, caused by the pulsating blood volume in 
the tissue, Sao2 can be estimated. 
The simple theory of pulse oximetry is based on the assumption that biological 
tissue is an absorbing medium with no scattering of light. In that case the Lambert-
Beer law can be applied to find the relationship between light intensities and Sao2. As 
biological tissue exhibits both absorption and scattering characteristics, the Lambert-
Beer law cannot be applied. Therefore, for transmission pulse oximetry, experimental 
calibrations in human volunteers have been performed by using blood sample Sao2 
values. In transmission pulse oximetry, the light source (i.e. the LEDs) and 
photodetector are placed on opposite sides of the tissue, e.g. the earlobe or finger. 
This method is used to monitor critically ill patients after birth. As the presenting part 
of the human fetus during labor is the head or the breech, transmission pulse oximetry 
can hardly be applied in this situation. With reflectance pulse oximetry, the light 
source and detector are placed on the same side of the tissue. This method is 
investigated for fetal monitoring. The importance of proper calibration and validation 
of reflectance pulse oximetry is obvious, as the commonly used 660 nm reflectance 
systems showed peculiar clinical data (chapter 2). 
As the expected fetal Sao2 range is 10% to 80%, which is lower than after 
birth, validation of reflectance pulse oximetry cannot be performed in the human 
neonate or adult. Because of the inaccessibility of arterial blood samples, the human 
fetus also cannot be used. Consequently, experimental calibrations of reflectance pulse 
oximetry and validation of the technique is performed in animal models. Although 
progress has been made with complex theoretical models which incorporate absorption 
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and scattering coefficients, as well as with in vitro models, these models cannot yet 
replace experimental calibration and validation (chapter 2). 
Chapters 3.1 to 3.3 describe the standard for comparison with pulse oximetry 
data. In chapter 3.1 the correct definition for hemoglobin oxygen saturation 
[oxyhemoglobin / (oxyhemoglobin + deoxyhemoglobin)] is given, which should be 
used for the validation of pulse oximetry saturation values. Oxygen saturation 
measurements in blood should be performed using multiwavelength photometers as 
calculated oxygen saturation values based on blood gas analysis and the standard 
dissociation curve are inaccurate. Although used in various validation studies, 
oxyhemoglobin fractions should also not be used as standard, because pulse oximeters 
are constructed to estimate Sa02 and not oxyhemoglobin fraction. During 
measurements with pulse oximetry dyshemoglobins may be present. Dyshemoglobins 
(mainly carboxy- and methemoglobin) are hemoglobin derivatives that are temporarily 
or permanently unable to bind oxygen in the physiological oxygen tension range. The 
influence of carboxyhemoglobin is insubstantial over the total oxygen saturation range 
of 0% to 100%, while the presence of methemoglobin will result in an 
underestimation of the Sa02 above 70% and an overestimation under 70% oxygen 
saturation. The accuracy of pulse oximeters calibrated in human adults is 
insignificantly influenced by fetal hemoglobin in the Sao2 range of 75% to 100%. 
However, these pulse oximeters will underestimate £ao2 by 5 % at the 25 % 5ao2 level. 
In chapter 3.2, correction coefficients are given for blood sample values of 
other species, when the standard incorporated matrix for human adult blood of the 
multiwavelength photometer of Instrumentation Laboratories is used. The influence of 
other species on the measured oxygen saturation value was small but the accuracy can 
simply be increased by linear transformation using the correction coefficients for the 
used system presented in this chapter. The procedure can easily be repeated for other 
multiwavelength photometers. 
At low Sao2 values, a continuous standard for pulse oximetry is especially 
useful as changes in Sao2 occur very rapidly and cannot readily be assessed by 
intermittent blood sampling. The accuracy of a fiberoptic system (Opticath, Oximetrix) 
was evaluated in anesthetized piglets (chapter 3.3). The fiberoptic system started to 
underestimate the sample 5ao2 values below 78%, and worsened towards lower Sa02 
values. The fiberoptic Sao2 values can, however, be adapted using an off-line non-
linear model, resulting in a standard deviation of residuals of 2.6%. This indicates that 
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the fiberoptic system is almost as accurate as the multiwavelength analysis of blood 
samples. 
The validation studies for pulse oximetry are presented in chapter 4.1 through 
4.6. In chapter 4.1, 4.2, 4.3 and 4.5 a 660/890 nm reflectance pulse oximeter system 
(Nellcor Inc.) is used. According to the manual, it has been calibrated with 
measurements on the human adult (Sa02 range 50% to 100%) and on the fetal sheep 
scalp (5a02 range 10% to 50%). Overall, the pre-calibrated pulse oximeter slightly 
overestimated Sao2 when the 660/890 nm reflectance sensor is placed on the neck of 
the fetal lamb (chapter 4.1). The standard deviation of differences (precision) in this 
study was worse than the published results of others. The inaccuracy was partly 
caused by large differences in calibration lines between individual animals as well as 
changes in calibration within the animal during the experiments. 
In chapter 4.2 the effect of the presence of a subcutaneous vein under the 
660/890 nm reflectance sensor and the effect of vasoconstriction caused by adrenaline 
were studied in fetal lambs. Placement of the sensor over the vein resulted in a large 
underestimation of the Sao2 at an Sao2 level of 20% to 50%. When at this same Sao2 
level adrenaline was administered, 5ao2 was greatly overestimated. As similar 
situations may occur during labor, it should be considered that human fetal pulse 
oximetry oxygen saturation readings obtained with similar reflectance pulse oximetry 
systems may be unreliable. 
Placement of the 660/890 nm reflectance sensor over a large vessel is also 
investigated in healthy human neonates and adults (chapter 4.3). When the sensor was 
placed with the photodetector over the superficial temporal artery, the pulse oximeter 
underestimated the Sao2 in all subjects, while placement of the sensor with the LEDs 
over the superficial temporal artery did not lead to an under- or overestimation of 
SaOj. The accuracy is therefore also dependent upon how the sensor is positioned. 
Comparing this study with that in chapter 4.2 shows that the studied factors will lead 
to a much greater under- or overestimation of the Sao2 at low Sao2 levels than at high 
Sao2 levels. 
Although experimental fetal monitoring is mostly done with reflectance pulse 
oximetry, transmission pulse oximetry might be an alternative. Commercial 
transmission pulse oximeters have shown to be accurate devices with a precision 
within 3%, for Sa02 values between 70% and 100%. In chapter 4.4 the accuracy of 
transmission pulse oximetry is studied in the unanesthetized fetal lamb with 5ao2 
values below 70%. Two sensors were used with identical spectral characteristics 
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(LEDs of 660 nm and 890 nm) in each lamb. One sensor was placed around a skinfold 
in the neck, the other around a forelimb muscle, The accuracy appeared to be less 
than in comparable studies with Sao2 values above 70%, for both sensor positions. For 
the muscle sensor a different calibration line was found than for the skin. Individual 
calibration lines also differed between animals for both muscle and skin. In this study, 
the application of the transmission sensor around the skinfold was not suitable since, 
during the hypoxemia period, the pulse oximeter failed to display oxygen saturation 
values due to a diminished skin blood flow. For the sensor around the muscle, 
continuous oxygen saturation recordings were obtained, also during the hypoxemia 
period. For these low levels of Sao2, transmission pulse oximeters may need to be 
equipped with different calibration lines for various application positions on the body. 
In chapter 4.5 л comparison is made between the 660/890 nm reflectance 
sensor and a prototype 735/890 nm reflectance sensor, using both sensors 
simultaneously in piglets. All other optical properties were the same for both sensors. 
The 660/890 nm sensor appeared to be highly inaccurate in 2 of 6 piglets compared 
with the sample Sao2 values, while the prototype 735/890 nm sensor was reliable in all 
6 piglets. Measurements were made over a wide Sao2 range. The precision of the 
prototype 735/890 nm sensor was approximately 5%. This reinforces our earlier 
findings that the 660/890 nm reflectance system is unreliable. Other 660 nm systems 
used during labor may be equally unreliable. 
For intrapartum fetal use a new 735/890 nm sensor was constructed by Nellcor, 
in which the LED-photodetector distance has been changed from 10 mm to 14 mm. 
Such a change in optical properties can alter the calibration. The accuracy of the new 
735/890 sensor was evaluated in two laboratories {chapter 4.6). In California, the 
sensor was calibrated in piglets over an £ao2 range of 17% to 100%. The overall 
precision was approximately 5%. In Nijmegen, the calibration line was evaluated in 
piglets over the same Sao2 range. Although the calibration line differed between the 
two laboratories, the difference was too small to be of clinical importance. The overall 
precision in Nijmegen was also approximately 5%. However, calibration lines could 
differ between individual animals. As vertex and breech differ in tissue compartments, 
the effect of head measurements and buttock measurements were compared. Overall, 
no difference was observed between head and buttock measurements in both groups of 
piglets. 
Pulse oximetry measurements during labor indicated that estimated 5ao2 on the 
breech was much lower than on the vertex. In chapter 5.1 it is demonstrated in 
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chronically instrumented fetal lambs that this difference cannot be attributed to a 
difference of Sao2 across the ductus arteriosus. The difference between pre- and 
postductal Sao2 values was approximately 5 % during baseline measurements and had a 
tendency to decrease during hypoxia and acidosis. The large difference in estimated 
Sa02 between vertex and breech in clinical data is therefore most likely attributable to 
substantial fluctuations in "normal" Sa02 values, by lower Sa02 values of breech 
deliveries per se, or by an inaccurate Sao2 estimation of the 660 nm reflectance 
sensor. 
If pulse oximetry is to be used as a monitoring technique during labor, the 
relationship between Sao2 and metabolic acidosis should be known. Large fluctuations 
in baseline 5a02 values were observed within chronically instrumented fetal lambs as 
well as between the fetal lambs without metabolic acidosis (chapter 5.2). The 
preductal Sa02 could be reduced to 30% before metabolic acidosis became apparent. A 
progressive acidosis was observed below an 5ao2 of 20%, while two types of 
responses were observed between 20% and 30% 5ao2: a progressive metabolic 
acidosis or a metabolic adaption to this lower Sao2 level. During those experiments an 
increase in blood pressure and fetal heart rate was observed, which could be attributed 
to a strong rise in catecholamines. The observed relationship between the Sao2 and 
metabolic acidosis in this study should be considered when clinical pulse oximetry 
recordings are interpreted. 
Before pulse oximetry can be introduced as a fetal monitoring technique during labor 
additional fundamental studies are needed for its validation. Only after pulse oximeters 
have proved to be accurate and reliable throughout labor, they may be of real benefit 
in fetal surveillance. 
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In dit proefschrift wordt onderzoek gedaan naar een mogelijke nieuwe bewakingstech-
niek tijdens de baring, namelijk pulsoxymetrie. Bovendien wordt onderzocht of de 
arteriële zuurstofverzadiging een parameter voor de foetale conditie is. In hoofdstuk 1 
wordt een algemene introductie gegeven en in hoofdstuk 2 worden de basisprincipes 
van de oxymetrie en de pulsoxymetrie uitgelegd. Verder wordt er een overzicht 
gegeven van het klinisch gebruik van deze techniek tijdens de baring. 
Pulsoxymetrie is een niet-invasieve optische methode om de arteriële zuurstof-
verzadiging (Sao2) continu te bepalen. De pulsoxymetrie-sensor die meestal wordt 
gebruikt, bestaat uit twee licht-uitzendende dioden en een lichtdetector. De licht-
uitzendende dioden schijnen rood en infrarood licht in het weefsel. Het in intensiteit 
verzwakte licht wordt door de lichtdetector ontvangen. De Sao2 kan berekend worden 
uit de wisselende lichtintensiteiten die veroorzaakt worden door het pulserende 
(arteriële) bloed volume in het weefsel. 
Een eenvoudige theoretische benadering van de wijze waarop pulsoxymetrie 
werkt, maakt onder andere gebruik van het feit dat biologisch weefsel een licht-
absorberend medium is, zonder het licht te verstrooien. Als deze benadering juist is, 
zou de wet van Lambert-Beer kunnen worden gebruikt voor de relatie tussen gemeten 
lichtintensiteiten en de Sao2. Aangezien het weefsel het licht ook verstrooit, kan deze 
wet niet toegepast worden. Voor de ijking van metingen met transmissie-pulsoxymetrie 
is daarom gebruik gemaakt van de Sao2-bepaling in bloedmonsters van vrijwilligers. 
Bij transmissie-pulsoxymetrie zijn de lichtbron (de licht-uitzendende dioden) en de 
lichtdetector aan weerszijde van het weefsel geplaatst, bijvoorbeeld van een oorlel of 
vinger. Deze methode wordt gebruikt om ernstig zieke patiënten (neonaten en 
volwassenen) te bewaken. Gebruik van transmissie-pulsoxymetrie tijdens de baring 
heeft echter zijn beperkingen, omdat de foetus zich presenteert met hoofd of stuit. Bij 
reflectie-pulsoxymetrie zijn de lichtbron en de lichtdetector aan dezelfde kant van het 
weefsel geplaatst. Deze methode wordt momenteel onderzocht als een mogelijke 
techniek voor foetale bewaking. Het meest gebruikte systeem van reflectie-
pulsoxymetrie met onder andere een 660 nm (rode) licht-uitzendende diode gaf 
uitkomsten die niet pasten bij de klinische gegevens. Een adequate ijking en validering 
zijn daarom onontbeerlijk {hoofdstuk 2). 
176 
Het verwachtte bereik in foetale 5ao2 ligt tussen 10 en 80%, beduidend lager 
dan na de geboorte. De ijking en validatie van reflectie-pulsoxymetrie kunnen daarom 
niet uitgevoerd worden in neonaten of volwassenen. De menselijke foetus kan ook niet 
gebruikt worden, omdat arteriële bloedmonsters niet verkregen kunnen worden van de 
foetus. Als alternatief worden diermodellen gebruikt voor de ijking en validering van 
reflectie-pulsoxymetrie. Ondanks de voortgang die gemaakt wordt met complexe 
theoretische modellen, die zowel coëfficiënten voor lichtabsorptie en -verstrooing 
gebruiken, en met in vitro modellen, kunnen dergelijke modellen een experimentele 
ijking en validering nog niet vervangen (hoofdstuk 2). 
Hoofdstuk 3.1 tot en met 3.3. beschrijven de standaard die gebruikt zou moeten 
worden om de pulsoxymetriegegevens mee te vergelijken. In hoofdstuk 3.1 wordt de 
juiste definitie van de zuurstofverzadiging gegeven, namelijk [geoxygeneerd 
hemoglobine / (geoxygeneerd hemoglobine+gedesoxygeneerd hemoglobine)]. Deze 
definitie zou gebruikt moeten worden voor de validering van de gemeten 
zuurstofverzadiging met behulp van pulsoxymetrie. De zuurstofverzadiging in het 
bloed moet gemeten worden via fotometers met meerdere golflengten. Onbetrouwbaar 
zijn zuurstofverzadigingwaarden die berekend zijn uit de gemeten zuurstofspanning en 
de standaard dissociatie-kromme. Omdat pulsoxymetrie ontwikkeld is om de zuurstof-
verzadiging te meten, moet niet het geoxygeneerde hemoglobine als fractie van de 
totaal aanwezige hemoglobineconcentratie gebruikt worden; in verscheidene validatie-
studies in de literatuur is deze echter wel gebruikt. In het bloed kunnen 
dyshemoglobinen aanwezig zijn. Dyshemoglobinen (hoofdzakelijk koolmonoxyde- en 
methemoglobine) zijn vormen van hemoglobine die de zuurstof tijdelijk of permanent 
niet kunnen binden in het fysiologische zuurstofspanningsgebied. Voor de metingen 
met pulsoxymetrie is de invloed van koolmonoxydehemoglobine nauwelijks van belang 
voor het totale zuurstofverzadigingsgebied van 0 tot 100%, terwijl door de 
aanwezigheid van methemoglobine de Sa02 boven 70% onderschat en onder 70% 
overschat zal worden. De nauwkeurigheid van pulsoxymeters die geijkt zijn in 
volwassenen zullen nauwelijks beïnvloed worden door foetaal hemoglobine in het 
5ao2-gebied van 75 tot 100%. Wel zullen deze pulsoxymeters de Sa02 met 5% 
onderschatten op het niveau van 25% Sao2. 
In hoofdstuk 3.2 worden correctie-coëfficiënten gegeven voor bloedbepalingen 
in de foetus en verschillende diersoorten als er gebruik gemaakt wordt van fotometers 
(Instrumentation Laboratories) met als standaardinstelling de matrix voor de volwassen 
mens. De invloed van de foetus en van de verschillende diersoorten op de gemeten 
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Sao2-waarden was klein. De absolute nauwkeurigheid kan echter eenvoudig worden 
vergroot door een lineaire omzetting, waarbij gebruik gemaakt wordt van de correctie-
coëfficiënten die berekend zijn voor dit systeem. Deze worden gepresenteerd in dit 
hoofdstuk. Deze procedure kan eenvoudig worden herhaald voor andere systemen. 
Een continue standaard voor pulsoxymetrie is in het bijzonder nuttig bij lage 
Sao2-waarden. Bij lage waarden treden veranderingen in de Sao2 zo snel op dat men 
dit nauwelijks met behulp van periodieke afname van bloed kan meten. De 
nauwkeurigheid van het "fiberoptic"-systeem (Opticath, Oximetries) is bepaald in 
biggen onder narcose (hoofdstuk 3.3). Het fiber-optic-systeem begon de Sao2-waarden 
in het bloed te onderschatten bij waarden onder 78%. De onderschatting verergerde 
naarmate de Sao2 lager werd. De waarden gemeten met het fiberopticoxymeter konden 
echter achteraf worden aangepast via een niet-lineair model wat resulteerde in een 
residuele spreiding van 2.6% in de Sao2. Hiermee zijn metingen met de 
fíberopticoxymeter bijna net zo nauwkeurig als de bepalingen in bloedmonsters via 
fotometers met meerdere golflengten. 
De validatiestudies van pulsoxymetrie worden beschreven in hoofdstuk 4.1 tot 
en met 4.6. In hoofdstuk 4.1, 4.2, 4.3 en 4.5 wordt het 660/890 nm reflectie-
pulsoxymetrie-systeem gebruikt dat ontwikkeld is door Nellcor Inc. Volgens de 
handleiding is dit systeem geijkt bij volwassenen (Sao2-gebied 50 tot 100%) en foetale 
lammeren (Sao2-gebied 10 tot 50%), waarbij de sensor op de kop van de lammeren 
was geplaatst. Plaatsing van de sensor op de nek van foetale lammeren leidde in het 
algemeen tot een geringe overschatting (hoofdstuk 4.1). De residuele spreiding was 
echter slechter vergeleken met de gepubliceerde resultaten van anderen. Het systeem 
was onnauwkeurig, doordat er verschillende ijklijnen werden gevonden tussen de 
lammeren en doordat de ijklijnen binnen de lammeren in de tijd veranderden. 
In hoofdstuk 4.2 wordt bestudeerd wat het gevolg is van plaatsing van de sensor 
op de huid boven een subcutane ader en wat het effect is van vasoconstrictie 
veroorzaakt door adrenaline. Dit onderzoek vond plaats bij foetale lammeren in het 
Sa02-gebied van 20 tot 50%. De 5a02 werd in hoge mate onderschat door het reflectie-
pulsoxymeter, als de sensor boven een subcutane ader werd geplaatst. Na toediening 
van adrenaline werd de Sao2 in hoge mate overschat. Vergelijkbare omstandigheden 
kunnen aanwezig zijn tijdens de baring. Daarom moet men twijfelen aan de 
betrouwbaarheid van de foetale pulsoxymetrieregistraties, als deze zijn verkregen met 
een reflectie-pulsoxymeter dat vergelijkbaar is met het door ons gebruikte systeem. 
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Plaatsing van de 660/890 nm reflectiesensor boven een groot subcutaan vat is 
tevens onderzocht in neonaten en volwassenen (hoofdstuk 4.3). Indien de sensor was 
geplaatst met de fotodetector boven de oppervlakkige slaapslagader, onderschatte de 
pulsoxymeter de Sao2 in alle proefpersonen. Plaatsing van de sensor met de licht-
uitzendende diodes boven de oppervlakkige slaapslagader leidde niet tot een over- of 
onderschatting van de Sao2. De nauwkeurigheid lijkt daarom ook bepaald te worden 
door de wijze waarop de sensor is geplaatst. Uit het onderzoek van zowel hoofdstuk 
4.2 en 4.3 is duidelijk dat de bestudeerde factoren tot een grotere over- dan wel 
onderschatting leidden in het lage-5ao2 gebied. 
Alhoewel klinische metingen voornamelijk worden verricht met reflectie-
pulsoxymetrie, is het mogelijk dat transmissie-pulsoxymetrie in de toekomst toch 
gebruikt kan worden. De commerciële transmissie-pulsoxymeters hebben een 
nauwkeurigheid van <3% voor Sa02-waarden binnen 70 en 100%. In hoofdstuk 4.4 is 
de nauwkeurigheid van transmissie-pulsoxymetrie bestudeerd in het chronisch 
geïnstrumenteerde foetale lam voor Sao2-waarden <70%. Twee sensoren met 
identieke optische componenten (licht-uitzendende dioden van 660 nm en 890 nm) 
werden geplaatst in elk lam. Een sensor werd geplaatst rondom een huidplooi in de 
nek, de andere rondom de spier van de voorpoot. De gevonden nauwkeurigheid was 
voor beide posities kleiner dan bij onderzoek boven 70% Sao2. Er werd een andere 
ijklijn gevonden voor de metingen van de spier. Voor beide posities verschilden de 
ijklijnen tussen de dieren. De huidplooi in de nek bleek geen goede positie te zijn voor 
een continue registratie. Tijdens de periode van verminderd zuurstofaanbod aan het 
foetale lam gaf de pulsoxymeter geen waarden aan tengevolge van een verminderde 
doorbloeding van de huid. Voor de sensor rond de spier werd wel een continue 
registratie verkregen. Bij gebruik van transmissie-pulsoxymetrie in dit lage Sao2-bereik 
kan plaatsing van de sensor op verschillende posities van het lichaam verschillende 
ijlijnen tot gevolg hebben. 
In hoofdstuk 4.5 zijn twee verschillende sensoren tegelijkertijd gebruikt bij 
biggen. De 660/890 nm reflectiesensor werd vergeleken met een prototype 735/890 
nm reflectiesensor. Op de verandering van de licht-uitzendende diode na waren alle 
optische eigenschappen van beide sensoren gelijk. De 660/890 nm reflectiesensor 
overschatte de Sao2 in hoge mate in 2 van de 6 biggen. De 735/890 nm reflectiesensor 
was in alle 6 biggen nauwkeurig. De metingen werden verricht over een groot Sao2-
bereik. De residuele spreiding voor de prototype-sensor was circa 5%. Dit onderzoek 
maakte nogmaals duidelijk dat het 660/890 nm systeem onbetrouwbaar is. Gebruik van 
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vergelijkbare andere 660 nm systemen tijdens de baring kan eveneens onbetrouwbare 
uitkomsten geven. 
Een nieuwe 735/890 nm reflectiesensor is door Nellcor ontwikkeld voor foetale 
bewaking. De afstand tussen licht-uitzendende diode en fotodetector werd vergroot van 
10 mm naar 14 mm. Omdat een verandering in de optische eigenschappen van de 
sensor de ijking kan veranderen, werd deze sensor opnieuw gevalideerd. In twee 
laboratoria werd de nauwkeurigheid van de nieuwe 735/890 nm reflectiesensor bepaald 
(hoofdstuk 4.6). In Californie werd de sensor geijkt in 7 biggen over een Sao2-bereik 
van 17 tot 100%. De residuele spreiding was circa 5%. De ijking werd gecontroleerd 
in Nijmegen met 4 biggen over hetzelfde Sao2-bereik. Alhoewel er een geringe 
afwijking in de ijking was tussen de twee laboratoria, was het verschil zo klein dat dit 
klinisch niet van belang is. In Nijmegen werd eveneens een residuele spreiding van 
circa 5% voor de nieuwe sensor gevonden. Echter, ijklijnen tussen de biggen bleken te 
verschillen. Omdat de weefselsamenstelling van hoofd en stuit verschilt, werden de 
metingen op de kop en de bil van de big met elkaar vergeleken. De metingen op de 
kop van de big verschilden in het algemeen niet van die van de bil. 
Pulsoxymetriemetingen tijdens de geboorte duidden aan dat de berekende 
zuurstofverzadigingswaarden lager waren voor de stuit dan voor het hoofd. Dit 
verschil kan niet worden toegeschreven aan het verschil in Sao2 boven of onder de 
ductus arteriosus (hoofdstuk 5.1). Het onderzoek hiervan werd uitgevoerd in het 
chronisch geïnstrumenteerde foetale lam. Het verschil in Sao2 boven en onder de 
ductus was circa 5% tijdens de controlemetingen. Tijdens foetaal zuurstoftekort en 
metabole verzuring nam het verschil iets af. Het grote verschil in 
zuurstofverzadigingswaarden tussen hoofd en stuit gedurende de baring is daarom 
vermoedelijk te wijten aan: grote fluctuaties in "normale'' waarden van de foetale 
5a02, aan lage 5a02 ten gevolge van de stuitbevalling op zichzelf of aan 
onnauwkeurige pulsoxymetriewaarden gemeten met 660 nm reflectiesensoren. 
Als pulsoxymetrie een foetale bewakingstechniek wordt, moet het duidelijk zijn 
hoe de 5ao2 samenhangt met de metabole verzuring. Grote fluctuaties in 5ao2-waarden 
werden gevonden in de controleperiode van het chronisch geïnstrumenteerde foetale 
lam. Er waren ook grote verschillen in SaOj-waarden tussen foetale lammeren, zonder 
dat er sprake was van metabole verzuring (hoofdstuk 5.2). De Sao2 van het preductale 
bloed kon verlaagd worden tot 30%, voordat een metabole verzuring zichtbaar werd. 
Als de 5a02 werd verlaagd tot onder de 20%, werd altijd een progressieve verzuring 
waargenomen. Tussen 20 en 30% Sa02 werden twee typen reacties waargenomen: een 
180 
progressieve verzuring of een metabole aanpassing aan het lagere 5ao2 niveau. Tijdens 
deze experimenten werd een toenamen in de foetale bloeddruk en in het foetale 
hartritme waargenomen. Deze toenamen konden worden toegeschreven aan een sterke 
stijging van de catecholamines. De in dit onderzoek waargenomen relatie tussen Sao2 
en metabole verzuring kan van groot belang zijn bij de interpretatie van de uitkomsten 
van klinische pulsoxymetrie. 
Voordat pulsoxymetrie kan worden gebruikt als een foetale bewakingstechniek moet 
aanvullend onderzoek worden verricht waarbij deze meetsystemen gevalideerd worden. 
Alleen als het is aangetoond dat pulsoxymeters nauwkeurig en betrouwbaar kunnen 
zijn tijdens de gehele baring, kan een bijdrage van pulsoxymetrie voor de foetale 
bewaking worden verwacht. 
Publications 181 
Publications 
Nijland R, Jongsma HW, Crevels J, Menssen JJM, Nijhuis JG, van den Berg PP, 
Oeseburg В. The ductus arteriosus, pre- and postductal oxygen saturation 
measurements in fetal lambs. European Journal of Obstetrics & Gynecology and 
Reproduction Biology 1994;55:135-140. 
Nijland R, Ringnalda B, Jongsma HW, Oeseburg B, Zijlstra WG. Measurement of 
oxygen saturation by multiwavelength analyzer influenzed by interspecies 
differences. Clinical Chemistry 1994;40:1971. 
Van den Berg PP, Nijland R, van den Brand SFJJ, Jongsma HW, Nijhuis JG. 
Intrapartum fetal surveillance of congenital heart block with pulse oximetry. 
Obstetrics & Gynecology 1994;84:683-686. 
Nijland R, Jongsma HW, Nijhuis JG, van den Berg PP, Oeseburg B. Arterial 
oxygen saturation in relation to metabolic acidosis in fetal lambs. American 
Journal of Obstetrics & Gynecology 1995;172:810-819. 
Nijland R, Jongsma HW, van den Berg PP, Nijhuis JG, Oeseburg B. The effect of 
pulsating arteries on reflectance pulse oximetry: measurements in adults and 
neonates. Journal of Clinical Monitoring 1995;11:118-122. 
Nijland R, Jongsma HW, Nijhuis JG, Oeseburg B. The accuracy of a fiberoptic 
oximeter over a wide range of arterial oxygen saturation values in piglets. Acta 
Anaesthesiologica Scandinavica; in press. 
Nijland R, Jongsma HW, Nijhuis JG, Oeseburg B, Zijlstra WG. Notes on the 
apparent discordance of pulse oximetry and multiwavelength hemoglobin 
photometry. Acta Anaesthesiologica Scandinavica; in press. 
Nijland R, Jongsma HW, Menssen JJM, Nijhuis JG, van den Berg PP, Oeseburg 
B. Reflectance pulse oximetry: accuracy of measurements from the neck of fetal 
lambs. In: Advances in Experimental Medical Biology: in press. 
Scientific Abstracts 
Nijland R, Jongsma HW, Oeseburg B, Crevels J, Menssen JJM, Nijhuis, JG 
Ringnalda EM. Is there a critical value of oxygen saturation during hypoxia? 
Abstractbook; 19th international meeting of the Society for the Study of Fetal 
Physiology, B5. Niagara-on-the-Lake, Canada, 1992. 
Nijland R, Jongsma HW, Crevels J, Menssen JJM, Nijhuis JG, Arts T, Oeseburg 
B. Pre- and postductal oxygen saturation during hypoxia and hyperoxia. 
Abstractbook; 19th international meeting of the Society for the Study of Fetal 
Physiology, E4, Niagara-on-the-Lake, Canada, 1992. 
Jongsma HW, Nijland R, Crevels J, Menssen JJM, Nijhuis JG, Oeseburg B. 
Continuous recording of arterial oxygen saturation in fetal lambs during 
intermittent maternal common iliac artery occlusions. Abstractbook; 19th 
international meeting of the Society for the Study of Fetal Physiology, B7, 
Niagara-on-the-Lake, Canada, 1992. 
Nijland R, Jongsma HW, Verbruggen IM, van den Berg PP. Menssen JJM, 
Nijhuis JG, Oeseburg B. Metabolic adaptations to reduced oxygen saturation levels 
in fetal lambs. Abstractbook; 20th international meeting of the Society for the 
Study of Fetal Physiology, P5, Plymouth, Engeland, 1993. 
Nijland R, Jongsma HW, Nijhuis JG, Eskes TKAB. A chronic sheep model for 
the study of fetal oxygen saturation. Abstractbook; the 6e Dutch symposium for 
experimental investigation surgical specialization, p48, Nijmegen, 1993. 
Nijland R, Jongsma HW, Menssen JJM, Nijhuis JG, van den Berg PP, Oeseburg 
B. The accuracy of transmission pulse oximetry in fetal lambs. The joint meeting 
of the Dutch Physiological and the Physiological Society, Nijmegen, The 
Netherlands 1994, J Physiology, in press. 
Nijland R, Ringnalda B, Jongsma HW, Oeseburg В and Zijlstra WG. The effect of 
interspecies differences on the measured oxygen saturation by a multi-wavelength 
oximeter. Abstractbook; International Society on Oxygen Transport to Tissue, 
Istanbul, Turkije, 1994. 
Nijland R, Jongsma HW, Menssen JJM, Nijhuis JG, van den Berg PP, Oeseburg 
B. The accuracy of reflectance pulse oximetry in fetal lambs. Abstractbook; 
International Society on Oxygen Transport to Tissue, Istanbul, Turkije, 1994. 
Nijland R, Jongsma HW, Nijhuis JG. How reliable is reflectance pulse oximetry? 
A study in piglets. The 15th annual meeting Society of Perinatal Obstetricians. Am 
J Obstet Gynecol 1995; 172: part 2, 365. 
Van Leest LATM, Nijland R, Jongsma HW, Crevels J, Menssen JJM, Nijhuis JG. 
Metabolical and endocrinological responses after a 24-hour reduction in oxygen 
saturation. Abstractbook; 22nd international meeting of the Society for the Study 
of Fetal Physiology, Malmö, Sweden, 1995. 
Dankwoord 183 
Dankwoord 
Dit proefschrift is tot stand gekomen door de medewerking van velen. De volgende 
mensen wil ik graag in het bijzonder bedanken. 
Dr. H.W. Jongsma, beste Henk, je continue optimisme en inzet hebben er toe 
geleid dat ik met voldoening terug kan kijken op deze tijd. Ook al zijn de laatste 
stukken niet zonder een zekere strijd geschreven, meestal was je commentaar terecht. 
Dr. J.G. Nijhuis, beste Jan, jij introduceerde bij mij de frase "Bekijk het eens 
door de bril van de biochemicus ...", waarmee je bedoelde: maak het niet nodeloos 
ingewikkeld. Ik hoop dat ik daarin geslaagd ben. Jouw hulp heeft er ook zeker aan bij-
gedragen dat ik nu met subsidies een jaar mijn grenzen kan verleggen. 
Prof. Dr. B. Oeseburg, beste Berend, bij jou kon ik altijd binnen lopen om 
problemen te bespreken. Jij zorgde onder andere voor de beschikking over een 
"fiberoptic" systeem toen de bloedbepalingen alleen niet voldoende waren. 
Prof. Dr. T.K.A.B. Eskes, zonder u zou ik niet op dit onderzoek terecht 
gekomen zijn. Al had ik enige twijfels bij het starten van dierexperimenteel onderzoek 
en lag een epidemiologische studie meer voor de hand, ik heb er geen spijt van. 
Theo Arts, jij hebt mij geleerd de schapen te opereren. Op momenten waarop 
ik dacht "dit preparaat glipt ons door de vingers" zette jij de operatie voort en met 
succes. Voor onverwachte experimenten kon je altijd nog wel een big of een drachtig 
schaap vinden. Het was een genot om met je te opereren, bedankt. 
Jane Crevels, wij leken vaak twee schapenhoeders bij één schaap. Het was bij 
de operaties weleens een dans rondom een mekkerend schaap wie mocht opereren. Al 
ben je allesbehalve een gedwee lam, door jouw handigheid hebben we alle 
experimenten samen tot een goed eind weten te brengen, bedankt. 
Ineke Verbruggen, jou wil ik danken voor je hulp in het dierenlab en bij andere 
klussen in het tweede jaar van het onderzoek. Met veel enthousiasme en een verba-
zingwekkende snelheid heb jij je toen ingewerkt. 
Jan Menssen, vele uren hebben wij naast elkaar doorgebracht achter onze 
computers, soms in stilte, soms met wat gefoeter en gesteun omdat die dingen niet 
deden wat jij of ik wilde, maar vaak met gelach en plezier. Jij was een onmisbare spil 
voor dit onderzoek. Jan bedankt. 
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Paul van den Berg, ik ben je dankbaar voor het verjagen van de Canadese 
leeuwen door je gesnurk. Gezeten achter een bier dronken wij onze deceptie weg. 
Mijn dank dat ik met mijn bloedmonsters steeds terecht kon bij Biny Ringnalda 
en Jos Evers van het laboratorium van de vakgroep Fysiologie. 
Mat Faassen, Albert Peters, Fred Philipsen, Ton Peters, Gerrit Derks, Henny 
van Wezel en Gerrit van Gent van het Centraal Dierenlaboratorium, bedankt voor 
jullie goede zorg voor de schapen en de belangstelling voor mijn onderzoek. 
Prof. Dr. C.B. Martin Jr., thank you for the critical comments on chapter 5.2. 
De manuscriptcommissie, Prof. Dr. H. Folgering, Prof. Dr. W.G. Zijlstra en 
Dr. L.L.A. Kollée voor uw snelle beoordeling van het manuscript. Prof. Dr. W.G. 
Zijlstra, tevens bedankt voor de prettige samenwerking bij hoofdstukken 3.1 en 3.2. 
Paul Mannheimer, James Casciani, Steve Nierlich, Kevin Springer, Debbie 
Reisenthel from Nellcor Inc., there was only a short distance between us. Thanks for 
your help and critical comments. 
Stafleden, arts-assistenten, onderzoekers, verloskundigen, verpleegkundigen en 
medewerksters van de secretariaten, voor de belangstelling voor mijn onderzoek. Inge 
Dinnessen, Esther Bodden en Dorian van der Ligt in het bijzonder bedankt voor jullie 
bijdrage als proefpersonen. Gerda Theunissen, dank voor je warme belangstelling en 
voor de secretariële ondersteuning bij de organisatie van het internationale congres 
voor pulsoxymetrie. 
Sjaak Willemsen en andere medewerkers van het laboratorium van Endocrino-
logie en Voortplanting die betrokken zijn bij de endocrinologische bloedbepalingen. 
Willy Colier, met veel plezier hebben we samen enkele experimenten gedaan. 
Door jou bleef ik op de hoogte van de ontwikkelingen bij de vakgroep Fysiologie. 
Mijn ouders, bedankt dat jullie mij de mogelijkheid gaven zelfs een derde 
propaedeuse te starten zodat ik uiteindelijk hier terecht ben gekomen. 
Annette Stolwijk, twee promovendi op één kussen Gelukkig ging het bij 
ons goed: voor- en tegenspoed in ons werk liepen niet synchroon en op gezette tijden 
kon je me bijstaan. Met name heb je me veel hulp gegeven bij het kritisch doorlezen 
van de laatste hoofdstukken, zodat ik alles op tijd af kon krijgen. Ik hoop dat ik bij de 
afronding van jouw proefschrift tot net zo veel steun kan zijn. 
Ongetwijfeld zijn er nog meer mensen die ik bij naam zou kunnen bedanken 
maar aan alles komt een einde. Een ieder die een bijdrage heeft geleverd, bedankt. 
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Tot besluit, 
"Hallo!" said Piglet, "what are you doing?" 
"Hunting," said Pooh. 
"Hunting what?" 
"Tracking something," said Winnie-the-Pooh very mysteriously. 
"Tracking what?" said Piglet, coming closer. 
"That's just what I ask myself. I ask myself, What?" 
Sometimes he thought sadly to himself, "Why?" and sometimes he thought, 
"Wherefore?" and sometimes he thought, " Inasmuch as which?" - and sometimes he 
didn't quite know what he was thinking about. 
(uit: The complete Winnie-the-Pooh van A.A. Milne) 
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Doctoraal^akken Gezondheidswetenschappen: statistiek, epidemiologie 
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1989-1991 Arts-examen Geneeskunde, Katholieke Universiteit Nijmegen 
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Universiteit Nijmegen 
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Stellingen behorende bij het proefschrift 
Arterial oxygen saturation in the fetus: 
an experimental animal study with pulse oximetry 
1. Zolang de methodologie van reflectie pulsoxymetrie nog niet volledig is 
geëvalueerd, moet de clinicus uiterst terughoudend zijn in de interpretatie van 
foetale arteriole zuurstofverzadigingswaarden. 
(dit proefschrift) 
2. Aangezien "fractionele zuurstofverzadiging" een foutieve benaming is, is de 
toevoeging van de term "functioneel" aan zuurstofverzadiging overbodig. 
(dit proefschrift) 
3. Pulsoxymetrie is nog niet het lichtende voorbeeld van een foetale 
bewakingstechniek. 
(dit proefschrift) 
4. De nauwkeurigheid van reflectie pulsoxymetrie in het foetale 
zuurstofverzadigingsbereik wordt aanzienlijk verbeterd door de vervanging van 
een 660 nm licht-uitzendende diode voor een 73S nm licht-uitzendende diode. 
(dit proefschrift) 
5. Een grote spreiding in foetale arteriale zuurstofverzadigingswaarden binnen en 
tussen ongeborenen, maakt het niet eenvoudig om de zuurstofverzadiging als 
bewakingsparameter te gebruiken. 
(dit proefschrift) 
6. Het verschil in 5a02 en 5p02, oppervlakkig gezien slechts één letter, verbergt 
een conflict tussen principe en pragmatisme. 
7. Schaapjes tellen werkt niet altijd slaapverwekkend. 
8. Science is, I fear, no purer than any other region of human activity, though it 
should be. (Thomas Huxley) 
9. De begeleiding van een provomendus zou net zo moeten werken als de 
snelheidsmeter op een racefiets, een regelmatige terugkoppeling leidt tot de 
juiste cadans. 
10. Helaas leidt verificatie vaker tot publiceren dan falsificatie. 
11. Bezuinigingen leiden vaak tot kapitaalverlies. 
12. Het is een onopgeloste vraag hoe dartele lammetjes ooit in duffe schapen 
veranderen. (Louise Fresco) 
Nijmegen, 19 december 1995 R. N ijland 


